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FOREWORD 
The Eleventh Electromagnetic Window Symposium marks 16 years of regularly 
scheduled symposia on electromagnetic windows. This symposium was jointly 
sponsored by the Avionics Lab, U.S. Air Force, Wright-Patterson Air Force Base, 
Ohio and the host institution, Georgia Institute of Technology. The organization 
and the technical quality of the papers presented at the symposium and published 
in these proceedings were made possible only through the generous cooperation of 
the U.S. Air Force. In this connection I would like to acknowledge the contribu-
tions of Mr. Harold Weber and Mr. Richard Ireland, Avionics Lab, Wright-Patterson 
Air Force Base, Ohio in organizing and hosting the meeting for the Papers Review 
Committee. Also, my sincere thanks to each of the following individuals who 
served on the papers review committee and to their corresponding organizations 
which made their participation possible: 
Mr. H. L. Bassett 	 Mr. R. A. Ireland 
	
Mr. R. W. Sutton 
Georgia Institute of Technology AFAL, U.S. Air Force 
	
The Boeing Company 
Mr. Charles F. Bersch 
Naval Air Systems Command 
Mr. Melvin C. Gilreath 
NASA/Langley Research Center 
Lt.Col. W. M. Hart 
Aerospace Research Labs, WPAFB 
Mr. Howard S. Jones 
Harry Diamond Labs 
Mr. Ken Letson 
U.S. Army Missile Command 
Mr. D. L. Loyet 
Raytheon Company 
Mr. Gene Tarrants 
AFAL/USAF, Retired 
Mr. Arthur J. Thompson 
The Brunswick Corp. 
Public release for several of the papers was not obtained by the authors 
from the cognizant organizations in time for publication. However, three 
abstracts of these papers are presented as the last paper entries in these 
proceedings. Copies of these papers are to be available during the meeting 
or by making a request of copies to the respective authors. 
I would like to thank the authors for their contributions to the technical 
program and for their cooperation in our attempt to have the entire proceedings 
available at the time of the symposium meeting. Finally, my sincere appreciation 
goes to Mr. J. D. Walton, Jr. for his advice and encouragement for coordinating 
and organizing the symposium and these proceedings. 
N. E. Poulos 
Chairman 
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LIQUID IMPACT ON ELASTIC SOLID SURFACE 
by 
Y. C. Huang and F. G. Hammitt 
Liquid droplet impingement is a serious and limiting problem at 
the present time in various technological fields such as large steam tur-
bines, high speed aircraft arid helicopters. 
The impact between a compressible liquid and rigid solid has been 
studied analytically in a doctoral dissertation by the first author. The 
dissertation showed that the pressures and velocities during the impor., 
tant early portion of the impact depend upon liquid impact Mach number 
and droplet shape. Although liquid pressure build-up commences simul-
taneously with input, the expansion of the droplet near the contact edge 
due to the lateral flow is not appreciable during the early stages of the 
impact. The maximum pressure in this two-dimensional liquid impact 
problem is found to be less than the one-dimensional maximum pressure. 
As time elapses, the maximum pressure shifts from the center of the 
contact area radially outward, while the pressure at the center atten-
uates to the stagnation pressure. 
Our numerical study of liquid-solid impact has been extended to 
include the effects of an elastic solid boundary. The preliminary results 
show that the deformation of the target surface due to a spherical liquid 
droplet impact appears as an annular ring of depression, just as observ-
ed in various experimental studies. The results of course depend upon 
the acoustic impedence ratio between the liquid and solid. 
L Introduction  
Liquid droplet impingement is a serious and limiting problem at the 
present time in various technological fields such as large steam turbines, 
high speed aircraft and helicopters. 
A useful and necessary approach to obtain quickly the engineering 
information necessary for the continued development of machinery ele-
ments such as these is the testing of candidate materials under droplet 
impingement attack in the laboratory, However,, a long-range solution 
to the problem, allowing the eventual development of predicting ability, 
requires an analysis of both reaction of the material to a given imposed 
pressure-time distribution, and also the detailed fluid flow regime dur-
ing the impact in order to obtain the pressure and velocity distributions 
on the surface as a function of time. 
II. Brief Review of Problem 
Liquid droplet impact on a solid surface has been observed for 
centuries. The first extensive photographic description of this splash 
phenomena was given by Worthington (1). In more recent years, Dr. 
Olive Engel (2) also conducted considerable pioneering work on liquid-
solid impact research which includes a chemical mapping of radial flow 
and measurement of impact force as a function of time during collision. 
More recently, advanced technology has been able to develop a turbine-
driven camera to record photographically the collision process at much 
higher impact velocity to study the basic mechanism of rain erosion, 
such as the work of Fyall (3, e.g. ). 
The first comprehensive numerical investigation of the liquid 
droplet impact, to our knowledge, was that by Harlow and Shannon (41 at 
Los Alamos Scientific Laboratory, The Marker-and-Cell (5) technique 
was used to obtain numerical solutions of the full Navier-Stokes equation 
for a viscous incompressible fluid. 
Another numerical method, also developed at Los Alamos Scientific 
Laboratory by Amsden (6) was used to study the hypervelocity impact of 
certain metallic spheres where the effects of compressibility due to 
melting is important. However, neither method is quite suitable for at-
tacking the rain erosion and turbine droplet impact problem where the 
practical impact velocities lie between about 1000 and 2500 ft/sec. This 
velocity range results in intermediate material responses, i. e. , the 
material cannot be considered as a fluid as in the hypervelocity case nor 
can its deformation (and liquid compressibility) be neglected as is ap-
propriate for very low velocity impacts. A new numerical solution 
method called Compressible-Cell-and-Marker has therefore been devel-
oped by ourselves (7, e. g.). 
The response of the target material to an impact ranges from an 
essentially rigid case with no deformation, to elastic, plastic, viscous 
or even compressible fluid material response, depending on the impact 
velocity. The problem treated in its most general aspects requires a 
detailed investigation of the behavior of different material models under 
impact. Some compromise must be made between the complexity of the 
physical problem and the practical difficulties involved in solving the 
equations governing the model selected. 
The first model we examined was that of a rigid solid and a com-
pressible liquid in order to establish a meaningful limiting result. It is 
to this problem that the doctoral dissertation of the first author (7) was 
addressed. The dissertation showed that the pressures and velocities 
during the vital initial portion of the impact depend upon liquid impact 
Mach number and droplet shape. Although liquid pressure build-up 
commences simultaneously with impact, the expansion of the droplet near 
the contact edge due to the lateral flow is not appreciable during the very 
early stages of the impact. We have discussed these general features of 
the impact elsewhere (7, 8, e. g. ). Our calculation also indicates that a 
zone of negative pressure appears in the upper region of the droplets 
where cavitation has been observed, and this particular aspect is also 
treated elsewhere (7, 9) . There is no sudden bursting out of the top 
surface, because the compression is continuously released, since the 
drop surface is free to deform. The occurance of negative pressures 
may result from either the , reflection of the compression wave from the 
top surface or the rarefaction from the side of the droplet. The location 
of the negative pressure depends upon the initial geometry of the droplet 
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and the impact Mach number (7, 9). The maximum pressure in this two-
dimensional liquid impact problem is found int our calculations to be less 
than the one-dimensional maximum pressure for all three different 
droplet shapes in varying degrees. As time elapses, the maximum pres-
sure shifts from the center of the contact area radially outward, while 
the pressure at the center attenuates eventually to the steady-state stag-
nation pressure. 
III. Investigation of Liquid Impact on Elastic Solid Boundary 
As already mentioned, full surface rigidity provides an asymptotic 
limiting condition for the liquid impact problem. However, for many 
real materials important surface deformation during liquid impact for 
air Mach numbers of the order 1. to 2.5 (water Mach numbers of about 
0.25 to 0. 6), which is the range of interest for the technological applica-
tions previously mentioned, occur. 
Liquid impact on an elastic solid boundary is currently under in-
vestigation here, using a modified numerical technique to handle this 
added complexity. Preliminary results show that the deformation of 
the target surface is then a function of material density, shock wave 
velocity, and acoustic impedance. .A fully rigid surface implies an in-
finite acoustic impedance. The result for the case of infinite acoustic 
impedance was checked with the previous result for the case of a fully 
rigid solid boundary, previously investigated in the doctoral dissertation 
of the first author, and full agreement was found. 
Fig. 1 representing initial results with this new program, shows 
the deformation of a spherical water droplet impinging on an elastic 
solid surface such as rubber, whose acoustic impedance is of the same 
magnitude as that of water. The material surface depression is greatest 
at the center of the contact area at non-dimensional time Ct/D = 0.5, 
which is about equivalent to 0. 5 µ sec for a typical rain drop of 2mm 
diameter at liquid impact Mach Number of 0.2. C is shock-wave velocity 
in the liquid, t is time, and D is the droplet diameter. The isobar dis-
tributions are quite similar to those for a fully rigid solid surface (Fig. 2). 
Fig. 3 shows the deformation and isobar distribution for a later 
stage of the same liquid-solid impact (Ct/D = 1.25, i. e. about 1.25 [is 
for a 2mm drop). The maximum depression has shifted from the contact 
center toward the contact edge which appears to be an annular ring of 
depression just as observed in various experimental damage results 
(3, e. g. ). 
IV. Conclusions 
The current results are still under investigation. The preliminary 
studies are very encouraging in presenting the first theoretical analysis 
of deformation of an elastic boundary during liquid impact. A somewhat 
simplified model of a non-rigid surface is particularly applicable to a 
soft material coating on a hard backing such as rubber on steel (no 
i. e. , less than the "water-hammer" pressure, assuming shock-wave 
velocity corrected for the increased pressure. 
material bending stress was assumed, only material inertia). The 
acoustic impedance appears to be an important parameter for liquid im-
pacts such as this on an elastic solid surface. 
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Figure I 	Isobar Distribution in an :nitially Spherical Droplet at Time ct/n = o. 5. for Impart 
Mach Number of 0.2 on Elastic Boundary, p .c . / ewcw = I 
3422 
Fig. 	2 	Isobar Distribution in an Initially Spherical 
Droplet at Time (Ct/D) a 0.5, for Impact Mach 




Figure 3. Isobar Distribution in an initially Spherical Droplet at Time ct/n 	1.25. for 
Impact Mach Number of 0.2 on Elastic Boundary. e. c ./ewc w = 1. 
3423 
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HIGH-POWER BROADBAND CONSTANT-K LENS ANTENNAS 
FOR AIRBORNE APPLICATIONS 
By 
W. R. Free, F. L. Cain and E. A. Welsh 
Georgia Institute of Technology 
This paper describes the results obtained from a study to determine 
the feasibility of realizing high-power, broadband dielectric lens 
antennas where the dielectric lens serves as the radome for high velo-
city airborne applications. 
The design objectives for the dielectric lens antennas were a power 
handling capability of 2 kW average power and a frequency range of 2 to 
4 GHz. In addition, it was desirable to have circular polarization, 
optimum beam steering characteristics, and minimum size and weight. The 
results from a theoretical study of hemispherical and spherical dielectric 
lenses indicated that the performance of Constant-K lenses whose di-
electric constants range between 3 and 4 compare favorably with the per-
formance of Luneberg lenses. Based on these results and considerations 
of the increased fabribation difficulties associated with the Luneberg 
lens, it was concluded that the Constant-K lens was the better choice 
for a practical high-power, broadband dielectric lens antenna system. 
The specifications for spherical and hemispherical Constant-K lenses 
are shown in Table I. The lens diameter and dielectric constant of each 
lens are 12 inches and 3.5, respectively. Rebonded fused silica was 
selected as the lens material. It was chosen primarily on the basis of 
its low loss tangent, low variation in dielectric constant with tempera-
ture, and its availability in a variety of forms such as casting slips, 
foams, and castable aggregate. For fabrication of the Constant-K lenses, 
a material with a dielectric constant of 3.5 ± 0.2 was specified. Slip-
cast fused silica can normally be processed to fall within the lower 
bound of this range, but to reach values of 3.5, small additions of 
rutile 	= 90) were required. 
After several hemispherical lenses had been fabricated, attempts 
were begun towards fabricating spheres. Several pouring and tamping 
schemes were attempted unsuccessfully before a simple technique was 
developed. Two hemispheres were poured to within 1/2 to 3/8-inch of the 
top of the mold. After the castable had taken an initial set, the hemi-
spherical molds were clamped together and the remaining 3/4 to 1-inch 
wide cavity was filled with freshly mixed castable. The resulting sphere 
had an excellent surface except for a narrow equatorial zone which con-
tained some bubbles. This rough portion of the surface was considered 
acceptable since it was in the zone to be covered by the mounting ring. 
Cavity-backed spiral antennas were mounted on the surfaces of the 
lenses and utilized as feed antennas. The cavity-backed spiral antennas 
operated over the 2 to 11 GHz frequency range. 
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Results from experimental measurements indicate that both the 
spherical and hemispherical lenses operate satisfactorily over the 2 to 
11 GHz frequency range. For the spherical lens, the gain varied from 
approximately 10 dB at 2 GHz to 26 dB at 11 GHz. The 3-dB beamwidths 
varied from approximately 20 ° at 2 GHz to 4.5 ° at 11 GHz, and the nominal 
sidelobe levels were approximately -17 dB. 
The gain of the hemispherical lens antenna was somewhat lower than 
the spherical lens due to the reduced agerture. The gain for the hemi-
spherical lens with the feed antenna 45 off boresight varied from 7 dB 
at 2 GHz to 17 dB at 11 GHz. The 3-dB beamwidths varied from 27 ° at 
2 GHz to 8° at 11 GHz, and the nominal sidelobe levels were approximately 
-12 dB. 
A major attribute of Constant-K lenses is their high power-handling 
capability, which is particularly important in many ECM applications. 
Tests involving incident powers up to 2000 watts CW on both the full-
spherical lens and hemispherical lens were conducted. The results of the 
tests verify that these Constant-K lenses can handle high average power 
without breaking down or altering the characteristics of this type of 
lens. The high-power measurements indicate that the lens feed system 
rather than the lens itself appears to be the feature which limits the 
power-handling capability of a Constant-K lens antenna system. 
In performing the high-power tests, both full-spherical and hemi-
spherical lenses were fed by an open-ended waveguide in order to apply 
the maximum available power to the lens. A special waveguide feed was 
designed to conform with the lens surface and, in addition, to match the 
lens to the feed for maximum power transfer by utilizing a dielectric 
taper insert. 
As previously discussed, fabrication of the full-spherical lens 
necessitated combining two hemispherical lenses; hence a seam resulted. 
High-power tests were conducted with the input power incident both 
parallel and perpendicular to the seam, and the results were essentially 
unaffected by the seam. Fabrication of the hemispherical lens included 
a ground plane; r-!sults indicate that the maximum temperature rise of 
the hemispherical lens depends on the thermal conductivity of the ground 
plane. In no case in which the power was applied as long as 75 minutes 
did the temperature of a Constant-K lens exceed 290° C. In all cases, the 
maximum temperature of the lens occurred at the feed point on the surface 
of the lens. 
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TABLE I 
Spherical and Hemispherical Dielectric Lens Specifications 
Specifications 
Dielectric Lens Radius = (6.0 ± 0.02) inch 
Dielectric Constant 	= 3.5 ± 0.2 
Max. Deviation from Spherical Surface = 0.020 inch 
Temperature Requirements: 
Withstand temperature of 1500° F to permit firing 
of printed feeds 
Withstand lens operating temperature of 500 °F 
Mounting Structure for Spherical Lens: 
Choke ring configuration 
Mounting Structure for Hemispherical Lens: 
Conducting ground plane bonded to plane containing 
equator of hemispherical lens and extending 
beyond lens by 2 inches 
Ground plane must be strong enough to support 
weight of lens 
All materials must be thermally compatible 
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PROPERTIES OF HOT PRESSED SILICON NITRIDE 
M. L. Torti 




Hot pressed silicon nitride has several properties which 
make it of interest for high temperature radome applications. 
It is a hard, wear resistant material with high strengths from 
room temperature to well over 1200°C. It has excellent oxida-
tion resistance to 1400°C, and the combination of low thermal 
expansion and high strength give it excellent thermal shock 
resistance. It is an electrical insulator and preliminary 
electrical property determinations are at least encouraging. 
This paper reviews the physical and mechanical properties of 
hot pressed silicon nitride, presents recent electrical and 
rain erosion test results and comments on size and shape . 
 capability. 
PHYSICAL AND MECHANICAL PROPERTIES 
Representative physical properties are listed in Table I. 
TABLE I 
HOT PRESSED Si3N4 
Coefficient 	Thermal 
Elastic of Thermal Conductivity Specific Hardness 
	
Density Modulus Expansion 	BTU/hr°F ft 	Heat 	Knoop 
g/cc 	psi@25°C 	per °C @ 25°C @ 25°C 	100  
3.2 	46x10 6 	3.2x10 -6 	10 	 0.17 	2000 
The extremely low coefficient of thermal expansion in combina-
tion with good thermal conductivity and high strength, gives 
the material excellent thermal shock resistance. The density 
is relatively low, about two-fifths that of steel, and the 
modulus of elasticity, while higher than that of steel is low 
for a fully dense high strength ceramic. 
Hot pressed silicon nitride billets normally 6" x 6" x 1" 
are being fabricated by Norton. The silicon nitride starting 
material has been synthesized in house to yield the standard-
ized product designated as HS-130 containing total metallic 
impurities of approximately 1.4 percent. This contrasts to an 
earlier grade, HS-110, containing approximately two percent 
total metallic impurities. A typical strength distribution, 
for HS-130 at room temperature is shown in Figure 1. The 
determinations were carried out in 3 point bending on 
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1/8" x 1/8" cross section specimens on which the surface had 
been ground parallel to the long direction of the specimen 
with a 320 grit diamond wheel. Care was taken to minimize 
edge chipping but no final polishing or rounding of the edges 
was carried out. Samples were cut across the 6" x 6" billet 
to yield a large number of strength determinations. All values 
are included in the distribution. The low standard deviation 
obtained is typical of the results which can be obtained with 
hot pressed silicon nitride fabricated under closely con-
trolled conditions. Figure 2 shows the strengths of this 
material as a function of temperature in air for the same 
specimen size and testing procedures as used for the room 
temperature tests. High temperature strength of HS-130 is 
strikingly superior to that of the lower purity HS-110. 
Not only are the short time high temperature strengths im-
portant but the time dependency of this strength is of equal 
importance. Figure 3 gives the results for stress rupture 
carried out in air at 1200°C in four point flexural mode on 
1/8" x 1/8" cross section samples. The sample subjected to 
30,000 psi flexural stress was removed after 250 hours without 
fracture. The sample which failed at 92 hours under 40,000 
psi flexural stress showed approximately one percent flexural 
creep. 
Hot pressed Si3N4 has a very fine grain structure as is 
shown in Figure 4 for a sample prepared by the electron micro- 
scope replica technique from a fracture surface. The submicron 
grain size is typical for this material. 
ELECTRICAL PROPERTIES 
Electrical properties at room temperature, measured at the 
Georgia Institute of Technology( 1), are given in Table II. 
TABLE II 
ROOM TEMPERATURE ELECTRICAL PROPERTIES 













Density gm/cc 3.2 
	
3.01 
The dielectric constant, although considerably higher than is 
normally desired, is still within the useful range and is 
somewhat lower than had been anticipated based on previous 
extrapolations. The loss tangent is acceptably low. The high 
purity hot pressed material is a lower strength, lower density 
product compared to the HS-130 and does show a slightly lower 
dielectric constant. 
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RAIN EROSION TESTS 
The high hardness and low porosity of the hot pressed 
material would indicate good rain erosion resistance. Tests 
were carried out at Holloman Air Force Base on a rocket sled 
test facility, under the auspices of the Air Force Materials 
Lab, at both 45 and 60 degree impingement angles( 2 ). Samples 
subjected to 6,000 feet of rain at Mach 3 showed no measurable 
damage. Testing at higher Mach numbers may be carried out in 
the future. 
SHAPE CAPABILITY 
The hot pressing of silicon nitride, which is carried out by 
the simultaneous applications of high temperatures and high 
pressures, does impose some limitations upon the shape capa-
bilities. However, flat plates as large as 15" x 4" x 1/2" 
thick have been fabricated from this material. Large curved 
shapes, such as torso body armor, are routinely hot pressed 
from boron carbide and this technology is available to be 
applied to the hot pressing of silicon nitride. Intricate 
shapes have been hot pressed from silicon nitride as shown by 
the small turbine vane in Figure 5. Conversely, shapes can be 
machined from as-pressed billets such as the large gas turbine 
vane approximately 6" x 3" as shown in Figure 6. 
(1) Private communication, J. D. Walton, Georgia Institute of 
Technology. 
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BROADBAND DESIGNS FOR "A" SANDWICH RADOMES 
by 
J. E. Hill and W. Bivins 
Radiation Systems, Inc., McLean, Virginia 
The "A" sandwich radome consists of two thin layers of fiberglass 
skin separated by a thicker layer of low dielectric constant core material. 
When an "A" sandwich radome is designed for a wideband application, the 
maximum loss is solely dependent upon the thickness and dielectric con-
stants of the outer skins. Once the maximum allowable transmission loss 
and material are specified, the thickness of the skin is completely deter- 
mined. The thickness of the low dielectric constant core may be determined 
almost entirely by the required mechanical strength. These simplifications 
are made possible by the rather good approximation that the loss in the low 
dielectric constant core material is negligible compared to that in the outer 
fiberglass skins. 
Simple electromagnetic theory can be used to predict the performance 
of "A" sandwich radomes with an arbitrary number of sandwich layers. 
These calculations have been performed for a simple "A" sandwich radome 
over a 1 to 12 GHz bandwidth. The computed curves indicate a maximum 
transmission loss of less than 1 db over the frequency band for angles of 
incidence less than or equal to 30°. At a 60° angle of incidence, the 
maximum transmission loss increases to 1.6 db. Sample radome panels 
were fabricated in this configuration. Precision transmission loss measure-
ments through the radome sample indicated a maximum deviation from theory 
of 0.2 db. 
GENERAL THEORY ON SANDWICH RADOMES 
The transmission loss of a radome is the sum of reflection loss and 
insertion loss. The insertion loss is the amount of energy absorbed by the 
radome, and is related to the loss tangent of the radome material. The 
reflection loss depends upon the dielectric constant of the radome material 
and the design technique. Due to the currently available low loss material, 
the insertion loss of the radorne becomes insignificant compared to the 
reflection loss. In this paper, the radome material is assumed lossless, 
and the object of the radome design is to reduce the reflection loss. 
The electromagnetic wave propagation through a homogeneous flat sheet 
is well understood. The reflection coefficient of a wave passing through a 
thin dielectric slab is given as: 
R= 1 (Aft) 
	
(1) 
where 	A = 
IT ( — er 
(Er 
 cost 9 - sin
2 






"A", "8", "f", and "C" are defined in Eq. (4) 	Dimensions "t" and "d", 
are given in Figure 1. 
The optimum design of a "triple A" sandwich radome is to make IR
E 
1 
to be minimum over the frequency band of interest. Equation (3) showsan 
oscillating curve (see Figure 2). All peaks of I R E I may be obtained under 
d 
the condition of —
df 	
RE I = 0. It is required to solve the equation, 
"c 
r
" is the relative dielectric constant, "f" is frequency, "c" is the velo-
city of light of the slab, "8" is the angle of incidence, and "t" is the 
thickness of the slab. Equation (1) shows that the magnitude of reflected 
wave due to a thin slab reflection increases linearly with frequency. 
An "A" sandwich radome consists of two thin layers of fiberglass skin 
and a thicker low dielectric constant core. Assume the core region is an 
equivalent air region, then its reflection loss may be approximately repre-
sented by the vector sum of two individual reflected waves due to the r 
reflections of skin as follows: 
2. Tr d  
Reflection loss of "A" sandwich =IRIL1+ cos (
X cos 9 
)] 	(2) 
0 
The relative phase of two reflected waves depends upon the separation 
between the skin "d" (i.e., the thickness of the core). If the broad fre-
quency band operation is desired and the high operating frequency which 
makes the core thickness to be electrically large, then these two reflected 
waves adding in phase at high end of the frequency band cannot be avoided. 
The reflection loss of "A" sandwich radome over band is 1 R I , where I R1 
should be evaluated at the high end of the frequency band. By Eq. (1), the 
maximum loss of "A" sandwich radome is obtained as: 
Max. Loss of "A" Sandwich = 2 Afu t/c 	 (3) 
"TRIPLE A" SANDWICH DESIGN TECHNIQUE 
The "triple A" sandwich radome is constructed with two ordinary "A" 
sandwich radomes as two equivalent skins and a thick main core at the 
center as Figure 1 shows. Each equivalent skin produces a reflected wave 
with magnitude as follows: 
I R
E








C cos 8 






With the help of graphical method shown in Figure 2, the first solution of 
Eq. (5) is obtained. It is k i t = 1.32. 






 f = 1.32, the value of IRE I is optimum, and it can be expressed as 
I R
E
I = 1.65-At 
op 	k l 
	 (6) 
The next step is to determine the highest possible frequency that I RP  I 
is still within the limit of I R I op. By the graphical method as indicated 
in Figure 5, the solution found . is: 
k l fu = 4.07. 	 (7) 
Substitute the upper limit of frequency band into Eq. (7) and the value of k l 
 is obtained. Therefore, di is determined by Eq. (4a). The substitution 
of Eq. (7) into Eq. (6) yields 
I R I E op 0.405 Atfu 	 (8) 
The maximum loss of a "triple A" sandwich radome can be expressed by 
Max. Loss of "triple A" sandwich = 0.81 At f u 	(9) 
The typical loss characteristics of "triple A" sandwich radome are shown in 
Figure 6. 
Compare Eqs. (3) and (9). It is found that the loss of "triple A" 
sandwich radome is only 40. 5% of "A" sandwich radome loss. Furthermore, 
since the "triple A" sandwich radome has four layers of fiberglass skin, 
but the "A" sandwich radome has only two, the thickness of fiberglass skin 
in both radomes is the same. Therefore, the "triple A" sandwich radome 
is mechanically much stronger than "A" sandwich radome. If a comparison 
is made of same mechanical strength, then the thickness of the fiberglass 
skin in "triple A" sandwich may be reduced and a further loss reduction 
will result. 
The broadband (1-12 GHz) sample radomes, the "triple A" sandwich 
and the "A" sandwich have been designed to have the same mechanical 
strength. Their predicted transmission loss characteristics are compared 
in Figure 5. The design of "triple A" sandwich radome is optimized at 
wavewidth 0
o 
 of incidence, but it still has good performance at an incident 
angle of 30 ° and 60°. The transmission loss is computed by an RS1 1130 
computer and based on general transmission loss equations of electro-
magnetic waves passing through a multilayer radome. These two sample 
radomes have been tested at 9 GHz with various angles of incidence. 
Figure 6 shows the measured data on both samples and the excellent 
correlation between theory and empirical results. 
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FREQUENCY BAND 
Figure 3 	Graphical Solution for Y Sin s S 	Coo X 
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Figure 4 	Typical Reflection Characteristics o 
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HARD METALLIC LENS AND RADOME AT OUT-OF-BAND FREQUENCIES 
by 
R. B. Dybdal, H. E. King and J. L. Wong 
Electronics Research Laboratory 
The Aerospace Corporation 
El Segundo, California 
ABSTRACT 
The electrical characteristics of a hardenable metallic lens or radome 
with a near-unity index of refraction are described. Operating a lens 
antenna with a near-unity index of refraction either restricts the maximum 
lens diameter or greatly increases the focal length. When a metallic 
grating is used as a radome placed in the near field of the antenna, the 
long focal length requirement of a metallic lens is alleviated and the 
hardness attributes are retained. The performance of a metallic radome 
was measured at 10 GHz by using a parallel-plate grating with spacings 
varied from about 1 to 4 inches. The measured gain, pattern, and sidelobe 
characteristics are presented. In addition, techniques for suppressing 
grating lobes are discussed. 
I. INTRODUCTION 
A metallic lens, constructed from a circular matrix of square wave-
guides, has been proposed as a hardened ground terminal antenna for a 
satellite-to-ground communication link (Ref. 1). The electrical perform-
ance of a model lens antenna has been evaluated with satisfactory results 
(Refs. 2,3). Several desirable mechanical properties are inherent in a 
metallic lens antenna for this application: the lens forms a bridge-like 
structure with inherent strength to withstand high overpressures, the 
waveguides filter the EMP and shock waves and reduce the thermal effects. 
In addition, debris is free to fall through the waveguides (3 to 4 in. 
openings) and be collected in a debris pit. More recentl y„ considerable 
interest exists in the establishment of satellite-to-ground links oper-
ating in the X- or K-band frequency regime. However, at these frequen-
cies, the waveguide opening size required for debris passage becomes 
relatively large compared with a wavelength. This imposes a stringent 
problem in the electrical design (Ref. 4). In this paper the electrical 
characteristics of a metallic waveguide grating, operated either as a 
lens or radome, at frequencies other than its normal design frequency 
range are described. 
II. LENS CHARACTERISTICS AT EXTENDED FREQUENCIES 
The basic design equation for a plano-concave metallic•lens antenna 
- n)  
is given by (Ref. 5) 	R = 
f(1
n cos e 	where R and 0 are the geometrical 1  
parameters of the lens, f is the focal length, and n is the index of 
refraction of the artificial dielectric medium. The index of refraction 
for a lens composed of rectangular waveguide elements is given by 
n = ✓1 - (X/2a) 2 	where A is the operating wavelength and a is the 
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waveguide opening. This expression assumes the waveguide element is oper-
ated in its dominant mode. Dominant mode operation of a rectangular wave-
guide restricts the opening to sizes between one-half and one wavelength, 
which yields an index of refraction variation between 0 and 0.866. 
For the present study, the frequencies of interest are 16 and 35 GHz. 
This restriction results in waveguide openings that are smaller than the 
range of opening sizes judged desirable for debris passage. For this 
reason it is necessary that the waveguide openings be larger than one 
wavelength. These opening sizes imply operating the waveguides in an 
overmoded region; i.e., higher-order modes, in addition to the dominant 
mode, may propagate in an individual waveguide element. Operating the 
waveguide elements in an overmoded region means that adjacent waveguide 
elements are separated by more than one wavelength. A consequence of 
such spacing is the occurrence of grating lobes in the radiation pattern 
resulting from the periodic nature of the lens structure. 
The focal length for a given lens contour may be computed as a func-
tion of the index of refraction. The basis of this computation is the 
thin-lens approximation, which has been previously examined in connection 
with a 3-ft diameter metallic lens antenna study (Ref. 2). The thin-lens 
n approximation predicts that the focal length varies as 	f' = 1 -  
1 - n' 
where f is the focal length corresponding to an index of refraction n. 
Thus, the required focal length rapidly increases as n' approaches 
unity. As a numerical example, consider the 3-ft metallic lens, which was 
designed for operation at 10 GHz with a focal length of 31.2-in and an 
index of refraction of 0.5. If this antenna were operated at a higher 
frequency corresponding to an index of refraction of 0.95, the required 
focal length is 312 in. Such a long focal length imposes both mechanical 
and electrical design problems. With a long focal length, a larger feed 
aperture is required, and for a specified beam scan angle the feed has to 
move a greater transverse distance than that required for a shorter focal 
length configuration. 
III. RADOME CONCEPT 
In order to alleviate the long focal length requirement associated 
with a lens antenna, the concept of employing a metallic waveguide grating 
as a radome was considered. The geometry is illustrated in Fig. 1. In 
this radome concept, the desirable hardening properties are retained. In 
operation, the radome is placed in the near field of the antenna; i.e., 
the distance between the antenna and the radome is much less than D 2 /X 
where D is the antenna diameter and X is the operating wavelength. With 
this arrangement, the resulting radiation characteristics are determined 
by both the antenna and the radome. The antenna could be a reflector, an 
array, or any other suitable radiating structure requiring less hardness. 
Beam scanning is achieved by applying a proper phase gradient across the 
radiating aperture of the antenna. 
The preferred mechanical configuration for withstanding high over-
pressures is a bridge-like structure. Such a structure introduces phase 
errors across the radiating aperture of the radome. Since the radome 
structure is symmetrical, these phase errors may be compensated for by 
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adjustment of the applied phase gradient across the antenna aperture. For 
example, if a reflector antenna is employed, the phase errors may be 
corrected by refocusing the feed or by shaping the reflector. Other means 
include the use of an inhomogeneous refractive index for the artificial 
radome structure; i.e., by allowing the grating spacing to vary with 
radial position. 
The performance of a metallic radome depends on the grating spacing 
and the characteristics of the illuminating antenna. In order to avoid 
grating lobes, the individual metallic waveguide elements should be spaced 
according to 	d <  	where X is the operating wavelength and Isin e M 
e m is the maximum beam scan angle measured from the antenna axis. However, 
for the present application, the desired element spacing exceeds the limit 
specified by this equation. The occurrence of grating lobes in the radia-
tion pattern becomes a major limiting factor on the performance of the 
metallic radome. 
One technique for suppressing grating lobes is to use nonuniform wave-
guide spacings as illustrated in Fig. 2. This results in a nonperiodic 
structure, thus destroying the grating lobe phenomenon. The use of non-
uniform waveguide spacings also provides the following mechanical and 
electrical advantages: 
1. A nonuniform waveguide spacing means that the refractive index 
varies with the radial position. This results in a metallic 
radome with a natural bridge-like structure required for with-
standing high overpressures. 
2. Phase compensation (through antenna refocusing) is no longer 
necessary as it would be required for the case with uniform wave-
guide spacing. 
IV. EXPERIMENTAL MEASUREMENTS 
The electrical performance of a metallic radome was measured by using 
a parallel-plate grating as shown in the photograph of Fig. 3. The 
grating frame was 24" x 24" and the illuminating antenna was an 18" diam-
eter reflector with an f/D of 1/3. The separation between the radome and 
reflector was 18". Aluminum plates, 6" wide x 1/16" thick, were inserted 
in the grooves of the frame to form the grating. For convenience all 
measurements were made at a scaled frequency of 10 GHz with grating 
spacings varied from about 1 to 4 inches for both TEM (polarization normal 
to the plates) and TE 10 (polarization parallel to the plates) modes. In 
operation, a square-grid grating would be used. The characteristics of a 
square-grid configuration may be inferred from the parallel-plate data; 
namely, the E-plane characteristics may be obtained from the TEM-mode data 
and the H-plane characteristics from the TE 10 -mode data. 
Radiation patterns were recorded for both on-axis and off-axis feed 
positions. The radiation patterns for on-axis operation in the TEM-mode 
are essentially independent of the slot spacing as expected; however, 
grating lobes exist for an off-axis feed, depending upon the scan angle 
and the slot spacing with respect to the operating wavelength. Grating 
lobes were always present when the radome was operated in a TE1 0 mode for 
:L 9 
the on-axis beam and the slot spacing was greater than one wavelength. 
Figure 4 summarizes the measured sidelobe and grating lobe levels for the 
on-axis beam as a function of slot spacing. For the TEl o mode there is a 
fair correlation between the measured grating lobe levels and the theoret-
ical level of approximately -8.6 dB. The grating lobe level increases as 
the beam is scanned off axis. For a 16° scan, the grating lobe level is 
approximately 0 dB. Good correlation was observed between the computed 
and measured grating lobe locations as shown in Fig. 5. The presence of 
grating lobes means that a significant amount of energy is radiated in 
directions other than the main lobe, lowering the antenna gain. Figure 6 
summarizes the measured gain characteristics for both the on-axis beam and 
for a 16° beam scan angle (3-3/8 in.off-axis feed). Both TEM and TElo 
modes exhibit significant gain degradation, relative to the open-frame 
gain values, when the beam is scanned 16° off the antenna axis. It should 
be noted that the deterioration in radiation performance is due in part to 
the aberration effects of the illuminating parabolic reflector. 
V. CONCLUSIONS 
The electrical performance of a metallic lens or radome, constructed 
from uniformly spaced waveguides, at frequencies higher than its design 
band is limited by the presence of grating lobes. However, useful opera-
tion can still be provided if some gain degradation can be tolerated. 
Nonuniform waveguide spacings may be used for suppressing grating lobes. 
Nonuniform waveguide openings introduce a radial variation of the refrac-
tive index, which results in a natural bridge-like design desired for a 
hardened antenna configuration. 
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Fig. 1. Metallic radome concept 








Fig. 4. Measured on-axis sidelobe and grating lobe levels at 10 GHz 
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AN IMPROVED DIELECTRICALLY LOADED, FOAM SANDWICH 
CONSTRUCTION FOR NOSE RADOMES 
A. J. Thompson, Brunswick Corporation, Marion, Virginia 
J. R. Rogers, McDonnell Aircraft Company, St. Louis, Missouri 
THE DESIGN PROBLEM  
The electrical design problem and subsequent analytical/empirical develop-
ment presented in this paper involved an ogive nose radome (body of revo-
lution in the forward sector) having a =7:91 inch length and a =47 inch 
base diameter. As shown in Figure 1, this 2:1 fineness ratio radome 
housed a 36 inch flat plate, vertically polarized array operating in 
X-band which also served as the mount surface for a 12 element vertically 
polarized dipole array operating at the standard interrogator frequencies. 
Scan/offset limits of + 65 ° in azimuth and elevation coupled with + 115 ° 
roll stabilization yielded a wide range of incidence and polarizing angles. 
An ILS antenna, serving both the glideslope and localizer functions, was 
located in the bottom aft region of the radome. 	In the ILS and IFF bands, 
the principal electrical requirements were directed toward transmission 
and pattern distortion control. At X-band, transmission efficiency and 
beam deflection requirements were stringent, but the most critical para-
meter was the radiation pattern distortion specification on side lobe 
intensity where absolute minimization and suppression of radome induced 
side/reflection lobes were required. 
WALL CONSTRUCTION SELECTION  
The electrical characteristics, particularly the obvious need for absolute 
reflection minimization over a relatively narrow bandwidth in conjunction 
with a high incidence angle range, strongly favored the use of the 1st 
order (halfwave) electrically homogeneous construction rather than a con-
ventional sandwich, such as the "A" or "C". To achieve an electrically 
equivalent "halfwave" structure with a much reduced weight, the sandwich 
structure using a dielectrically loaded foam core was selected. This con-
cept, in which the foam core is loaded to achieve a dielectric constant 
equivalent to the structural, impact resistant skin laminate, had been 
successfully developed as outlined in the paper "The Development of a 
Lightweight Advanced Aircraft Radome Based on Dielectric Loaded Foam Core 
Sandwich Construction" presented at the Tenth Symposium on Electromag-
netic Windows. That achievement, however, was for a higher temperature 
application and as such the processing and materials costs were high. 
The cost and processing problem was solved by altering the quartz/polyi-
mide skins to E-glass/epoxy laminates. For outer laminate surface 
protection, a linear polyurethane paint was used in the mid and aft 
regions while a 0.030 inch EPDM rain erosion boot was selected for the 
nose region. This material provides rain erosion protection at the higher 
temperatures (up to 400 ° F), but is most impressive electrically with a 
dielectric constant of 2.5 and loss tangent of 0.010. 
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CORE MATERIAL DEVELOPMENT  
The higher dielectric constant of the E-glasslepoxy skins (4.3 as opposed 
to 3.2 for quartz/polyimide) required greater core loading to achieve an 
electrically homogeneous wall, but this, of course, introduced a higher, 
and unacceptable, loss tangent. Two approaches were investigated in an 
effort to solve this problem. The first involved the search and develop-
ment of a good low loss matrix for the syntactic foam while the second 
examined the necessity for an electrically homogeneous construction. The 
evaluation of candidate syntactic foam binders resulted in the selection 
of a silicone matrix system which offered ease of processing and reason-
able cost. Most importantly, the loss tangent was lower than that of the 
other systems for a given dielectric loading. This is illustrated graphi-
cally in Figure 2 which shows the mean loss tangent values (for a large 
series of measurements) as a function of dielectric constant for the 
selected silicone binder and an epoxy novalac system. Representative flat 
panels employing these two resins in the foam core verified the general 
loss tangent trends during transmission efficiency tests, the silicone 
panel achieving values well over 90% while the epoxy panel appeared to 
limit maximum transmissivity to about 87%. 
Since X-band reflection minimization was deemed the critical control 
parameter, this characteristic was monitored in assessing the effects of 
foam dielectric loading variance. With the sandwich facings fixed at 
0.030 and 0.050 inches (interior and exterior), the core thickness was 
varied and the reflection minimum determined for each of a series of fixed 
dielectric constants. Because of the wide range of antenna scan and 
stabilization limits, equal weighting was given to the perpendicular and 
parallel polarization values. A reflection figure of merit, representing 
this equal weighting, is shown plotted in Figure 3 as a function of core 
dielectric constant. The 45 ° incidence angle plot represents the mid-
range antenna offsets and includes the linear polyurethane paint while 
the 65° plot is representative of the radome nose region and, as such, 
the EPDM boot was included in the wall configuration. Thus, it is con-
cluded that with equal polarization weighting, the most optimum core 
dielectric is not equivalent to that of the laminate facings (c' = 4.3), 
but rather a lower value of about 3.5. Ultimately the target value was 
fixed at 3.35 since this reduction did not seriously increase the reflec-
tion level while the desirable trends of a lower loss tangent and greater 
latitude in physical thickness tolerance were obtained. Thus, an elec-
trically "hybrid" wall construction had been effected which maintained 
the good high incidence angle response of the homogeneous construction 
while achieving some of the broadband characteristics of the conventional 
"A" sandwich with similar weight savings. 
OTHER ELECTRICAL DESIGN ASPECTS 
The more conventional design aspects are mentioned only briefly. The ray 
study yielded average design angles up to 72° in the nose region with com-
ponents (low power weighting) as high as 83 ° . The wall thickness con-
figuration was developed using a computerized successive approximation or 
iterative process based on achieving a reflection minimization taper. 
Transmission and beam deflection calculations for the final configuration 
are shown in Figure 4 where they may be compared to the measured values. 
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The core thickness optimization at X-band produces a significant mismatch 
at the L-band interrogator frequencies, which may be corrected by a wire 
grid which is orientated to appear inductive and to tune out the capaci-
tive susceptance of the radome wall designed for the radar band (see for 
example: "Design of Half-Wave Radomes For Dual-Frequency Operation" by 
Warren A. Elliott, Volume III, Proceedings of the Symposium on Electro-
magnetic Windows, June 1968). Such a basic grid configuration consists 
of small (0.004 inch diameter) wire loops lying on the inner radome 
surface in station planes. 
EMPIRICAL DEVELOPMENT/TESTS  
A radome built to the design configuration was subjected to a series of 
range electrical evaluation and development test measurements in each of 
the applicable frequency bands. 
RADAR BAND  
Measured one-way power transmission efficiency values exhibited good 
agreement with the theoretically calculated values. 	In illustration 
Figure 4 shows a comparison at the mid-frequency where the minimum level 
was around 80% rising to just over 90% at the higher antenna scan angles. 
At the band extremes, the minimum levels were around 73% (low) and 78% 
(high), the low material dielectric preventing more severe loss. The 
obvious asymmetrical performance levels about the mid-frequency were 
incidently intended since a corresponding imbalance existed in the speci-
fication requirements. 
Comparison of the measured and calculated beam deflection (Figure 4) is 
not as impressive; however, the maximum level was limited to about 3 
milliradians, a convergent error occurring around 5 ° to 6° from the nose 
in the elevation plane. 
Antenna radiation patterns were recorded in the radome presence over a 
60 db dynamic range with attention being directed to the main beam reflec-
tion lobe magnitude. At the low antenna offsets, the reflection lobe was 
not well defined because of the high antenna free-space level; however, at 
the higher offsets, the wide angle lobe was quite pronounced. Maximum 
levels noted at the mid-frequency were -38.5 db for a 30° offset and -41.5 
db for a 50 ° scan angle. Measurements to determine the effects of an IFF 
band inductive grid showed no discernible degradation of the beam deflec-
tion or radiation patterns, however, maximum transmission losses of about 
3% were observed for a grid consisting of continuous wire loops on four 
inch centers. This loss was reduced to around 1% with a grid loop spacing 
of 8 inches. 
INTERROGATOR BAND  
The basic wall construction optimized for the radar band presents a seri-
ous mismatch at the IFF frequencies as illustrated by the "bare radome" 
measurement of power transmission efficiency in Figure 5 which shows a 
minimum level of about 65%. Range measurements indicated that the calcu-
lated grid loop spacing of 4 inches provided a proper inductance for 
matching; it was also determined that the grid loops could be terminated 
48 inches aft of the radome tip without degrading the transmission level. 
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This inductive grid configuration provided a corresponding minimum trans-
mission level of greater than 90% and further experimentation yielded a 
"2nd order" grid loop spacing of 8 inches which provided an 85% minimum 
level both curves being shown in Figure 5. The continuous wire loops 
caused serious distortion of the ILS/glideslope antenna patterns. Con-
sequently, further studies were required which resulted in modification 
of the wire grid to loops consisting of 6 inch wire segments with 1/2 inch 
insulated overlaps. This segmented/shunted grid configuration caused no 
degradation in the good match at the IFF frequencies (see Figure 5), while 
allowing good pattern reproduction at the glideslope frequencies. 
The conventional IFF band inductive grid was then modified by: 
1) Utilizing a "second order" loop spacing, 
2) Limiting the inductive elements to the forward radome region, and 
3) Employing segmented/shunted rather than continuous wire loops. 
This grid configuration caused no significant loss in interrogator band 
performance (noteably transmission and pattern distortion) while providing 
distinct improvements in the radar and ILS/glideslope electrical response. 
ILS BAND  
With the ILS antenna mounted on the radome hardware and bulkhead/forward 
fuselage simulation, the glideslope free-space patterns show smooth char-
acteristics as illustrated by the azimuth scan at a -10 ° elevation offset 
in Figure 6. The addition of the radar/IFF array however, produces extreme 
distortion (as shown in Figure 6) because of its location forward of and 
in close proximity to the ILS antenna. The addition of the basic radome 
to this configuration produces no significant changes in the pattern char-
acteristics. 	Incorporation of a conventional IFF band inductive wire grid 
in the radome does introduce additional degradation; however, this is 
effectively minimized by the development modifications. Range studies 
were thus directed at pattern improvement and ultimately resulted in the 
inclusion of wire elements in the radome assembly to couple and redirect 
the glideslope radiation. The director elements envolved consisted of 
0.050 inch wires of a 13 - 3/4 inch length (a particularly critical dimen-
sion) lying on the inner radome surface forward of the ILS antenna (4 inch 
spacing) in station line planes. The pattern gain and shaping was con-
trolled by the number of elements. This then provided for a reconstruc-
tion of the glideslope pattern compensating for the radar/IFF array 
induced distortion, the results of a two director element incorporated 
array being shown in Figure 6. 
SUMMARY  
The significance of this work lies in four primary factors: 
1) An advancement in dielectrically loaded syntactic foam technology. 
2) The inductive grid modifications designed to maintain high interro-
gator band electrical performance while minimizing electrical degra-
dation in the radar and ILS bands. 
3) The development and inclusion in the radome of elements designed to 
significantly improve the glideslope pattern response. 
4) The development of a "hybrid" electrical structure employing a loaded 
foam core, optimized in dielectric for minimum reflection levels. 
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STRUCTURAL DESIGN AND ANALYSIS OF A MATCHED 
DIELECTRIC FOAM CORE SANDWICH NOSE RADOME 
G. J. Vames, Brunswick Corporation, Marion, Virginia 
THE DESIGN PROBLEM  
A matched dielectric sandwich consists of high density facings , and a 
lower density foam core which is modified so that its dielectric con-
stant matches that of the facings. Thus the composite wall behaves 
electrically as a solid wall and a significant weight savings is 
realized. 
The sandwich chosen for this radome consisted of E-glass fabric facings 
impregnated with heat-resistant epoxy resin and silicone foam core. 
The inner and outer facings were 0.050 and 0.030 inches in thickness, 
respectively, and the core thickness varied from 0.230 inches at the 
base to 0.276 inches at the nose, The core density was approximately 
30 pounds per cubic foot. 
The unique problems associated with analyzing this radome were a result 
of the mismatch in properties of the facings and the core. While the 
core material has a significant modulus of elasticity, its strength, 
especially in tension, is low. This, coupled with the thermal stresses 
induced by the large mismatch in coefficients of thermal expansion, 
would indicate that the core stresses could be critical. Therefore, a 
rigorous analysis of the structure was deemed necessary. 
RADOME GEOMETRY AND LOADING  
The structure analyzed is an ogival shape with a fineness ratio of 
approximately 2:1. The overall length is 91 inches and the base dia-
meter 47 inches. The leading edge of the radome is protected with a 
steel nose cap three inches in length. The base attachment structure 
consists of an aluminum ring, approximately square in cross-section, 
containing four combination latch/shear pins. The aftmost 3.5 inches 
of the radome wall is solid laminate of reduced thickness to accommodate 
the hardware ring. 
The critical load condition results from a negative load factor which 
produces down bending. The ultimate loads at the radome base are 11,600 
pounds shear, 443,000 inch pounds moment, and 8,000 pounds drag. The 
outer radome surface temperature was taken as 210 ° F for the forward 
fourteen inches and 190°F for the aft portion. The radome inner surface 
temperature was taken as 160 ° F. The radome geometry and loading are 
shown in Figure 1. 
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METHOD OF ANALYSIS  
The basic shell stresses resulting from the applied pressure and tempera-
ture loadings were determined using the Brunswick Shell Computer Program. 
This program uses the Sander's modified first approximation theory to 
analyze thin shell of revolution with arbitrary loading and cross-section 
parameters. A finite difference method is used to solve the governing 
differential equations. Axisymmetric boundary conditions are assumed. 
Since the radome is attached to the aircraft at four discrete locations, 
the concentrated stresses at these locations were determined separately. 
The resultant in-plane axial load at the critical latch/shear pin fitting 
was divided among the eight fitting attach fasteners. Each fastener load 
was treated as a point load on a straight boundary; the resultant stress 
fields from each fastener were superimposed to determine the stress 
pattern around the fitting. 
The buckling resistance of the radome shell was determined using empir-
ical equations developed for conical frustums. Local shell stability 
at the latch locations was investigated using empirical equations derived 
for singly curved panels. 
SHELL COMPUTER ANALYSIS  
Input to the Brunswick Shell Program consists of two general categories: 
definition of the structure shape and cross-section parameters, and 
specification of the loadings and boundary conditions. For purposes of 
this analysis the structure was divided into 500 elements having approxi-
mately the same length-to-stiffness ratio. The structure shape was 
defined by a fourth order polynominal (Figure 2) which is required to 
be continuous through the second derivative. The cross-sectional pro-
perties of each of the three layers were input for each of the 500 
elements. The properties required are thickness, modulus of elasticity, 
Poisson's ratio, and coefficient of thermal expansion. These properties 
are also input in polynominal form. 
The remaining portion of the input is specified by Fourier number. A 
solution is obtained for each Fourier number input, with the final 
results being a summation of the individual solutions. 	In this analysis 
three Fourier numbers were required to accurately represent the radome 
circumferential pressure distribution (Figure 3). 	It can be seen that 
the first term (P 0 ) represents the overall drag, the second term (P1) 
results in vertical shear and the associated bending moments, and the 
third term represents a self-equilibrating pressure. Therefore, the 
distribution of the first two terms versus radome length was input to 
give the specified drag and shear distributions with the third term 
being used to give the specified circumferential pressure distribution. 
Again, these terms were input in polynominal form. 
Only the first Fourier number was needed to describe the temperature 
loading as it was uniform circumferentially. Boundary conditions were 
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specified for each Fourier number. 	In general, longitudinal displace- 
ments were not allowed at the base and radial displacements were not 
allowed at the nose or base. Intrawall rotations were allowed at the 
base only. The restricted deformations of the radome wall at the forward 
end were due to the metal nose cap. 
The computer results are output in the form of internal loads, stresses, 
and deflections at the desired locations. The stresses in each layer 
in the axial and circumferential directions are output for each Fourier 
number and for the total of all Fourier numbers used. This final stress 
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This stress represents the equivalent uniaxial stress resulting from the 
biaxial and transverse stresses. The calculated maximum stresses at the 
upper centerline of the radone are shown in Figure 4. As expected, the 
minimum margin of safety occurred in the foam core for the basic radome. 
CONCENTRATED STRESSES  
The combination latch/shear pin fittings are attached to the radome by 
eight 3/16 inch fasteners. The maximum fitting load occurs at the bottom 
latches and equal 8180 pounds compression. This load was distributed 
among the fasteners with each being treated as a point load on a straight 
boundary. The expression for the internal loads at a point ahead of the 
applied load is given by: 
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where: a = distance from boundary to point. 
a = angle between x axis and a line drawn from load to point. 
These internal loads were combined into equivalent normal loads using 
the same expression as used for the basic shell stresses. These calcu-
lations were made on a one inch grid ahead of the fitting and a plot of 
the load field was made as shown in Figure 5. The calculations were 
programmed for solution using a time sharing computer as the loads from 
each of the eight fasteners had to be superimposed at each of the grid 
points. 
The junction between the sandwich portion of the radome and the solid 
laminate is 4.5 inches from the base. The loads at this juncture were 
not dissipated to the point where they could be carried by the sandwich 
skins. Therefore, the solid laminate was extended an additional two 
inches forward in the area of the fittings. The load plot indicated the 
required width of the additional solid laminate to be six inches. 
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BUCKLING ANALYSIS  
The stability of the radome was investigated from two standpoints; over-
all buckling of the basic shell and local instability at the highly 
loaded attach areas. 
The shell analysis was performed using empirical methods derived for 
thin-walled conical fustums. The conical model used is shown in Figure 
6. The methods used were derived from tests made on solid wall models. 
Therefore, the radome sandwich wall was converted to a solid wall with 
equivalent extensional and flexural rigidity for purposes of this 
analysis. The critical internal loads were then calculated for com-
parison to the applied internal loads. The radome loadings considered 
were bending, axial compression, shear and hoop compression. The value 
of the applied internal loads for each of these was taken from the 
computer analysis. This was simplified by the fact that the results 
for each Fourier number were calculated separately. It should be noted 
that these applied internal loads included those resulting from the 
temperature gradient. 
The calculated critical loads were compared to the applied loads to 
obtain load factors. These factors were then combined using a buckling 
interaction equation to determine the margin of safety. 
The local stability of the radome in the highly loaded attach area was 
investigated using classic equation for buckling of singly curved panels 
supported on the straight edges and loaded axially on the curved edges. 
The applied loadings were taken from the load field plots described 
above. Both the solid laminate and the sandwich ahead of the fittings 
were analyzed with the "equivalent solid" method being used in the 
sandwich analysis. The margin of safety for the solid laminate was 
significantly lower than that for the sandwich as the solid laminate 
had been extended to reduce the sandwich stress levels. 
SUMMARY  
The basic shell analysis indicated that the sandwich facing stresses 
were of no consequence, but that the foam core stresses were. This is 
a problem not found with honeycomb core which is loaded only in trans-
verse shear and not influenced by in-plane and thermal loads. 
The analysis of the concentrated stresses at the attachments indicated 
that additional build-up was required. The minimum margin of safety for 
the radome occurred in the sandwich facings in these areas. This is 
always a problem with sandwich structures with discrete attach points. 
The buckling analysis showed that the overall stability of the shell was 
more critical than the local stability at the attach points. While the 
buckling behavior of shells is always hard to predict, the use of a con-
servative model and the consideration of all loadings, included those 
which are thermally induced, can give acceptable results. 
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COMPUTER DATA REDUCTION SYSTEM 
FOR 
RADOME ELECTRICAL EVALUATION 
John B. Styron, Brunswick Corporation 
Stanley Jurczak, Grumman Aerospace Corporation 
INTRODUCTION  
This paper describes the electrical testing and subsequent data reduction 
techniques utilized in evaluation and production acceptance testing of 
F-14 nose radomes. Radome electrical testing is performed using a con-
ventional null-seeker and positioner system in conjunction with a digital 
computer. Transmission efficiency and boresight error performance is 
first measured as a continuous function of antenna scan angle. This data 
is digitized and stored in the computer concurrent with each test scan. 
Upon completion of each test scan, the computer is programmed to evaluate 
the data against required specification values. Parameters evaluated 
include average and minimum transmission efficiency, boresight error 
magnitudes, and boresight error rates of change as functions of both 
radial and roll scan angles. A hard copy print out is provided showing 
differences between specification requirements and measured values. The 
computer system also plots curves for transmission efficiency and vector 
sum boresight error. 
RADOME TEST REQUIREMENTS  
The radar system antenna used in the F-14A nose radome is a flat plate 
waveguide array approximately 3 feet in diameter. Radome specifications 
require that transmission efficiency and boresight error measurements be 
performed on each unit produced using the system antenna. The measured 
data must then be evaluated for the following specification parameters 
over all possible antenna scan angles. 
Transmission Efficiency 	 Window Area  
	
Minimum 	 All 
Average +10 Degree Angle 
Average 	 +10 to +70 Degree Angle 
Boresight Error Rate Of Change As A Function Of Antenna Scan Angle  










Boresight Error Magnitude Window Area 
Maximum Vector Sum 0 - 	15° 
Of Roll 	and Radial 15 - 40° 
Components 40 - 70° 
TEST SYSTEM  
A conventional three (3) axis radome positioner and automatic null seeker 
test system is used for transmission efficiency and boresight error 
measurements. The radome positioner is shown in Figure 1. Only two 
axes, Azimuth and Roll, are used however for these tests. The radar 
system antenna is mounted on a polarization positioner which is attached 
to a fixed post. The radome is mounted to the roll axis of the positioner 
through a hinging mechanism which allows the radome to be swung away from 
the antenna for calibration. The automatic null seeker as shown in 
Figure 2 is located on a down range tower at a range distance of 4000 
inches. The null seeker transmitting antenna is also mounted on a 
polarization positioner. The control console, shown in Figure 3, is 
located in the main tower with the radome positioner. All controls for 
the test system are located at the console including positioner axis 
driver, system antenna roll, null seeker antenna polarization, and null 
seeker servo driver. A two (2) plane R-F bridge with video detection is 
used in conjunction with the null seeker to facilitate boresight error 
measurements. 
Measurements are made on the radome by first aligning the antenna with 
the radome removed, and performing the various calibration functions as 
required for transmission efficiency and both planes of boresight error. 
The radome is then placed over the system antenna and rotated from 0 to 
70 degrees in azimuth generating the transmission efficiency and bore-
sight error data. The next scan is run after repositioning the system 
antenna, radome, and null seeker antenna to a 4 ° roll position. These 
measurements are continued at: 4° roll increments until a full 360° of 
roll is completed (90 scans). 
DATA ACQUISITION AND EVALUATION SYSTEM 
A block diagram of the data acquisition and evaluation system is shown in 
Figure 4. 	This system utilizes an H.P. 2114A Computer with 8K memory. 
Data acquisition and interfacing with the computer is provided by an 
analog to digital subsystem (H.P. 2310C). Four (4) of the eight (8) 
channels available in this subsystem are used in these tests. These 
are, Null Seeker Horizontal and Vertical Displacement (boresight error), 
Radome Positioner Azimuth Angle, and Transmission Coefficient. These 
data inputs are provided as D-C Analog Voltage to the H.P. 2310C. Con-
version to digital is accomplished automatically and this data is 
retained in sample-and-hold amplifiers of each channel for later use by 
the computer. Each channel is continuously up-dated with an aperture 
time of 100 nano seconds. 
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The computer is programmed and controlled through the H-P 2754B tele-
printer. The teleprinter also provides a print-out of all parameters 
evaluated. The computer and analog to digital converter are shown in 
Figure 5. Figure 6 shows the teleprinter and plotter. The computer 
program provides for sampling of transmission and boresight error data 
at 1/2 degree intervals of radome scan from 0 to 70 degrees. To perform 
radome measurements, the radome positioner is first positioned at an angle 
just outside the 0 to 70 degree range (approximately 0 to -5 degrees). 
The Computer Program is then initiated by depressing the "RUN" button. 
When the computer is started, it immediately begins testing for azimuth 
angle. The scan of the radome positioner is next started. When a voltage 
corresponding to 0 degrees of radome position angle is reached, the three 
channels of transmission and boresight data are loaded into the computer 
and stored. The computer then begins testing for the next angle (1/2 
degree) and when the positioner reaches this point, transmission and 
boresight data is again transferred to the computer. All three data 
points are read into the computer in less than 100 microseconds. This 
sampling is continued until the radome positioner completes the 70 degree 
scan. 141 data points are thus stored for each parameter (transmission 
efficiency, vertical boresight error, horizontal boresight error) during 
each radome scan. 
The last data point received in the computer (70° point) initiates the 
calculation of the various parameters for comparison with specification 
requirements. The specification requirement values are stored in the 
computer and comparisons are made with measured values after each calcu-
lation. Calculations of all parameters and deviations from the specified 
requirements are made at the completion of each scan with the exception 
of boresight error rate of change relative to roll angle. This calcu-
lation requires that data from the second or adjacent scan (4° roll 
interval) be available for comparison with the first scan on a point-by-
point basis. To accomplish this, data from the first scan is stored in 
the computer, and all calculations are made except roll rates. The 
boresight error components of this scan are also stored in another area 
of the computer. Data from the second scan replaces the data from the 
first scan, and at that point calculations of all parameters are made 
including roll rates. Each suceeding scan then replaces data from the 
previous scan such that it is only necessary to retain data from two 
scans at any time. After each suceeding scan, the teleprinter prints 
out the values of each parameter evaluated and/or the deviation (either + 
or -) from the specification requirements. The plotter also plots trans-
mission efficiency, two components of boresight error, and vector sum 
boresight error as a function of scan angle. The total time required for 
testing each scan using this system, including data evaluation, print-out 
and curve plotting, is approximately 2 minutes. 
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SUMMARY  
The test system and evaluation system as described above has been very 
successful in the evaluation of nose radomes produced for the F-14A 
aircraft. The computerized data reduction and evaluation system has 
provided a considerable savings in time and effort to the program. The 
speed of operation is not limited by the computer or data acquisition 
system but rather by the response of the null seeker used. This system 
also makes it possible to determine immediately after testing, the 
acceptability of each radome. The system is also designed to be 
operated by a single technician after programming. In the design of 
the system, a relay output register was also included to facilitate 
automatic radome positioner scanning and control. This device has not 
been utilized to date, however. The computer and all peripheral equip-
ment have proven to be very reliable in approximately two years of 
operation. 
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EXPERIMENTAL AND COMPUTATIONAL METHODS IN 
MICROWAVE HOLOGRAPHY FOR ANTENNAS AND RADOMES 
E. L. Rope and G. Tricoles 
(General Dynamics Electro Dynamic Division, San Diego, Calif. 92112) 
Following its origin in optics, holography is being developed for microwaves. * 
Some applications are to image formation, especially for objects in optically 
opaque surroundings; for example, fog penetration and the location of concealed 
weapons are being investigated. Other applications are diagnostic; for example 
the analysis of plasmas, antennas, and radomes. Classifications are not rigid 
for images have been formed to study ionospheric reflections of radio waves. 
APPLICATIONS TO RADOMES 
New avionic systems have created new radome problems. The problems are 
quite diverse and special, but we mention two that are significant but quite dis-
tinct. First, low sidelobe levels are necessary to reduce clutter in doppler radars; 
radomes can increase sidelobes, and they can cause boresight error. Second, 
wide bandwidth antennas are being developed. These antennas usually are small; 
they have wide antenna patterns that are severely distorted by reflections. 
These new applications motivate improvements in methods for analyzing 
radomes. Of course both computational and experimental methods should be 
developed. In this paper experiment work is emphasized but some theoretical 
work is included. 
Figure 1 illustrates reflections. The reflections increase sidelobe levels of 
narrow-beam antennas and distort broad-beam patterns. The field consists of a 
direct wave that passes through only one side of the radomes and a second wave 
that is reflected from the opposite side after propagation through the directly 
* Holography originated in optics as an imaging process. Images are formed in 
two steps. The first is hologram formation. A beam illuminates an object that 
scatters a field onto a photographic plate, and a coherent beam also illuminates 
the plate. The developed plate is a hologram. Images are formed in the second 
step when the hologram is illuminated. Holograms are interferograms so that 
holography is similar to interferometry with the added aspect of image forma-
tion and optical data processing. The separation into two steps permits data 
processing during the intervening period. 
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illuminated side. The two fields are coherent and interfere to produce fringes. 
These fringes are illustrated in Figure 2. Both measured and computed values 
are shown. 
Computations were based on two distinct physical models; both were approxi-
mate. As a first approximation, the field at P in Figure 1 is 













( 1 ) 
where Tp (PD) is the complex-valued, amplitude transmittance of a flat sheet for 
plane waves, Tp (PQ) is the same but evaluated at PQ, El (PR) is the incident field 
at PR; p is the path between PR and P, and k o is 27/X 0 where X is the wave 
length in air. 
Figure 2 shows results of computations based on Eq. 1. The oscillations 
have, to a good approximation, the spacing of those measured. However, the 
amplitude of the variations is much greater for the measured case than for the 
computed. As a second approximation to the field at P, we include the directional 
properties of the receiving antenna. We assume that 


















where PORD) and P(oRp) are the values of the amplitude pattern for the angles of 
arrival of the direct ray and the reflected ray, with both angles evaluated at P. 
Values computed with Eq. 2 are graphed in Figure 2. Notice that the fluctuations 
have magnitude more nearly those measured. 
The form of Equation 1 and 2 illustrates one of the goals of the work; namely 
to describe the field diffracted by a radome as a sequence of terms corresponding 
to distinct mechanisms. 
In addition to reflections and refraction, radomes cause vertex scattering 
and guided waves; however, for brevity these mechanisms are not discussed in 
this paper. 
Fringes such as those in Figure 2 can be recorded and displayed to form 
microwave holograms. Visible images were formed from microwave holograms 
by reconstructing with microwaves. Visible images were also formed from scale 
reduced optical holograms with laser light. The images are photographs of the 
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reflecting regions of radomes. 	The images are directly useful in visualizing 
reflecting regions. In addition the holograms are useful because they aid in 
locating quarter wave matching Layers that reduce sidelobe levels. Figure 3 
shows an example. 
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Figure 1. Reflection Geometry. Energy 
reaches point P directly with multiple 
reflections near P D and by reflections 
from near PR after propagation through 
the wall near PQ. 
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Figure 2. Measured and Computer Power. O R is -36°. Measurements 
with 2 by 2.8 wavelength probe, on the plane X = 5 cm. Measured: 
without radome, (---); with axially-symmetric radome (—). 
Computed with Equation 1 (• ); with Equation (+). 
Figure 3. Hologram and a Pair of Images of the Reflecting Parts of 
a Radome. Holograms were formed at 16 GHz and reduced to 
1/250 scale for reconstruction at 6328A. 
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AWACS RADAR RADOME ELECTROMAGNETIC DEVELOPMENT 
T. Larry Norin 
The Boeing Company 
Seattle, Washington 
INTRODUCTION  
This paper presents in summary the results of electromagnetic analytical/ 
experimental work that has been accomplished at Boeing towards the develop-
ment of a radar radome for the USAF Airborne Warning and Control System 
(AWACS). Ten 1/7 scale model radomes of various types and shapes have 
been designed, fabricated and tested. This model work led to the selec-
tion of a single full-size design configuration of which six radome units 
have been fabricated and tested at Boeing. Presently, four of these 
radomes make up two rotodomes which house respectively, very low sidelobe 
radar antennas for competing Hughes and Westinghouse AWACS radaxs. 
OBJECTIVES/DESIGN GOALS  
Radome electromagnetic performance requirements were not discretely 
defined. However, electromagnetic objectives and design goals were 
established with regard to the normal consideration of minimizing degrada-
tion to the antenna radiation pattern (main lobe and side lobes) over the 
operating frequency bandwidth. The radome design problem was aggravated 
to a considerable extent by concern about antenna sidelobes as low as 
60 dB below the antenna peak of beam. The radome design was to be 
accomplished while maximizing structural integrity and minimizing adverse 
aerodynamic effects. Such considerations required trades based upon over-
all AWACS effectiveness and cost considerations. A fall-out of such con-
siderations yielded the following basic radome electromagnetic performance 
design goals: 
• Total power reflections from the radome not to exceed 1% at the 
radar center frequency (f0 ). 
• Total power reflections from the radome not to exceed 2% over the 
frequency range fo + 150 MHz. 
• The average one-way power gain reduction due to the radome should 
not exceed 0.7 dB. 
• The increase in the azimuth half-power beamwidth due to the radome 
should be 10% or less. 
• The increase in the elevation half-power beamwidth due to the 
radome should be 20% or less. 
• The increase in the average radiation level due to the radome 
below the antenna (toward the ground) should be 2 dB or less. 
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DESIGN CONSIDERATIONS  
The redone design parameters were size and shape, location, wall 
construction, radar antenna configuration, and operating frequencies. 
These parameters were then used to develop a radome with the guidance 
of the above mentioned electromagnetic performance design goals. 
1) Size and Shape 
The radome size, related to antenna configuration, was based upon 
a 6 x 30 foot rotodome. The candidate shapes were: a symmetrical 
biconvex, symmetrical ellipsoid, several cambered ellipsoids and 
an aerodynamically chosen asymmetric shape. A brief sketch of the 
elevation cross section of each of these shapes is given in Figures 
1 and 2. The plan-form view of each shape, when forming a complete 
rotodome, is a circle. 
2) Rotodame Location 
The rotodome central waterline is 14 feet above the fuselage of the 
Boeing 707-320 type aircraft at aircraft body station 1120. 
Figure 3 is a photo of one of the AWACS aircraft in flight. 
3) Wall Construction 
Radome wall construction is a function of minimum structural 
requirements, weight, and electromagnetic performance criteria. 
Once minimum structural requirements were satisfied, electromagnetic 
considerations were the basic factors used to select the final wall 
configuration. "C" sandwich type construction as shown in Figure 4 
was the final wall selection. The one-half wavelength solid wall 
radome was structurally inadequate and a multiple half wavelength 
wall was too heavy, too lossy and too narrow in bandwidth when using 
cost-effective materials. The "A" sandwich did not have the desired 
structural redundancy nor the low reflection characteristics versus 
incidence angle that are exhibited by the "C" sandwich. 
4) Radar Antennas 
The antennas supplied by the respective radar contractors required 
a cross-sectional area within the radome of an approximate 
elliptical shape 5 x 27 feet. The antennas were both two dimensional 
waveguide slot arrays, arranged to be horizontally polarized. 
5) Operating Frequency 
The radome was to operate in the "S" band region over a frequency 
band designated as fo + 150 MHz. 
RADOME MATERIALS  
The radome sandwich consists of the materials tabulated in Figure 4 along 
with their respective dielectric properties as measured using resonant 
cavity and/or network analyzer techniques. Microwave absorber materials 
are also used in the radome to aid in reducing sidelobe levels. The use 
of absorber materials and metallic shields have been, and continue to be, 
investigated with regard to their applicability to radiation pattern 
sidelobe reduction. 
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DESIGN AND CALCULATED PERFORMANCE 
A symmetrical 6 x 30 foot ellipsoidal rotodome shape was selected based 
on scale model radiation pattern testing and analyses traded against 
aerodynamic and structural considerations. A constant thickness "C" 
sandwich wall construction was chosen as the most "cost-effective" after 
consideration was given to the possibility of a tapered wall (skins and/or 
core) thickness to correct for radome reflections (impedance matching) or 
insertion phase delay. This decision was based upon the fact that a wall 
taper used to correct for phase errors disrupts the low power reflection 
characteristics of the constant thickness design; while wall. thickness 
corrections used to further improve the basic impedance characteristics 
of the constant thickness design results in even greater phase errors. 
Essentially, what would be desired here is a practical technique for 
impedance and phase matching at the same time over all incidence angles. 
Incidence angles here vary from zero (normal) to greater than 85 degrees. 
The selected design approach was to utilize the antenna nearfield aperture 
power distribution as the basis for a weighted computer ray analysis to 
determine by iterative process the radome wall thickness that provides 
the minimum total reflected power. Figure 5 is a plot of optimum total 
wall thickness (TO versus fiberglass skin thickness to achieve minimum 
total power reflection from the radame. 
The following table summarizes the final redone wall design component 
thickness and associated tolerances. 
RADOME WALL COMPONENT 
EFFECTIVE ELECTRICAL 
THICKNESS (INCHES) 
Fiberglass Skins 0.060 + 0.006 
Honeycomb Core *0.850 + 0.010 
Core to Skin Adhesive 0.010 + 0.001 
Environmental Coating Primer 0.0015 + 0.0005 
Erosion/Thermal Protecting Coating 0.011 + 0.001 
Anti-Static Coating 0.0015 + 0.0005 
TOTAL RADOME THICKNESS 1.994 + 0.050 
* Fabrication thickness is 0.035" greater due to core 
embedding into fiberglass skins and adhesive layer. 
The radome wall thickness was chosen to minimize total reflected power 
from the ellipsoidal radome shape within the required operating frequency 
band. Emphasis in the design was placed on elevation beam tilt angles 
from -10° to +10°. The following tables summarize the calculated power 
transmission, total reflected power and power absorption for the selected 
radome design. 
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MINIMUM POWER TRANSMISSION (-10° 5.: Elev. Scan < 	+ 10° ) 
Frequency fo - 150 MHz fo 
fo + 150 MHz 
Power 
Transmission 90.0% 90.5% 89.5% 
TOTAL POWER REFLEETION 
Frequency fo - 150 MHz fo fo + 150 MHz 
Elevation Scan 0° + 10° 0o + 10o 0 o + 10
o 
Total Power 
Reflection 2.1% 0.9% 1.2% 1.0% 1.6% 2.1% 
MAXIMUM POWER ABSORPTION (-10 ° .< Elev. Scan < 	+ 10° ) 
Frequency fo - 150 MHz fo fo + 150 MHz 
Power 
Absorption 8.0% 8.5% 9.0% 
Estimated total one-way gain reduction due to reflection, absorption and 
insertion phase delay characteristics of the radome are given below. 
ESTIMATED TOTAL MAINBFAM GAIN REDUCTION 
Frequency fo - 150 MHz fo 
fo + 150 MHz 
Peak Loss 
(0° Elev. Scan) 0.6 dB 0.9 dB 1.3 dB 
Average Loss 
(-10° to +10o 
 Elev. Scan) 
0.5 dB o.6 dB o.8 dB 
Microwave absorber was used inside the radome to aid in reducing lower 
hemisphere elevation sidelobes. The selection of an absorber material 
configuration was done after evaluation of numerous candidate materials 
and for the most part an empirical approach to configuring an optimum 
absorber layout. It was not anticipated that the final absorber 
configuration would impact the above calculated performance. 
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TESTING 
Tests that have been performed during this program include dielectric 
properties of materials, flat panel power transmission, absorber material 
properties, lightning damage susceptibility and protection methods, RF 
dielectric heating, 1/7 scale model and full size radiation patterns and 
boresight tests. The dielectric properties and flat panel tests were used 
to confirm basic material electromagnetic properties. The radiation 
pattern tests were used to establish sidelobe levels in the radome and 
to generate data for radar performance analysis. 
The basic AWACS radar antenna radiation patterns are classified and 
proprietary to the respective radar contractors and therefore are not 
presented here. However, the following table gives the reader some idea 
of sidelobe control obtained with the AWACS radome with its law power 
reflection design and the use of microwave absorber materials. 
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* There are cases where sidelobes are higher and lower 
Figure 6 shows in summary, plots of typical main beam gain reduction and 
beam broadening due to the radome and absorber materials as obtained from 
full-size hardware radiation pattern tests. One notes in Figure 6 the 
absorber material impact on gain and beamwidth at elevation scan angles 
below -7.5°. 
CONCLUSIONS  
The radome design presently being used for the AWACS radar, is a compromise 
design based upon aerodynamic, structural and electromagnetic considera-
tions. Without compromising present aerodynamic and mechanical design 
constraints and within state-of-the-art electromagnetic design and 
fabrication constraints, the present radome design is nearly the ultimate. 
The primary limitation from the radar performance standpoint is radome 
shape. A radome shape with lower angles of incidence or perhaps a flatter 
upper surface to project radome power reflections more towards the radar 
horizon might be advantageous. Radar flight tests are presently being 
conducted which will provide information for updating radar performance 
versus airplane performance trades to help verify or modify the radome 
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SYSTEM AND RADOME DESIGN CONSIDERATIONS FOR A 
TACTICAL BALLISTIC MISSILE SYSTEM 
by 
Dr. William J. Craft and Norman E. Singletary 
Martin Marietta. Orlando, Florida 
Desired system characteristics can severely restrict the design capa-
bility of a missile radome. These factors and their influence on radome 
design for a tactical ballistic missile system are presented and the trade-
offs with regard to radome design are discussed. 
SYSTEM CONSIDERATIONS 
The ballistic range requirement for a typical surface to surface termi-
nally guided missile subjects the radome to a severe environment in terms 
of external loads in combination with the thermal environment during the 
reentry and terminally guided portion of the trajectory. 
As an example, consider a typical system having a range of 400 nauti-
cal miles. The burnout velocity/reentry velocity associated with this 
range is typically 8000 feet per second. This velocity regime results in 
an external thermal environment considerably greater than that experi-
enced by current tactical missile, i.e., SAM-D, Improved Standard Mis-
sile, etc. A radome maximum surface temperature of 2650° F can be ex-
pected in the vicinity of the nose. In addition to this thermal environment, 
the utilization of terminal guidance, which is employed to obtain signifi-
cant improvement in missile delivery accuracy, requires that sufficient 
reentry vehicle maneuver capability be provided to insure accurate and 
rapid response to guidance commands within the available flight time. 
Thus in addition to the thermal environment, aerodynamic and inertia 
loads associated with these maneuver requirements must be considered in 
the radome design conditions. Typical values for lateral maneuver capa-
bility could range from 20 to 50 g's. 
Additional system considerations include all weather capability and 
high impact velocity to minimize vulnerability of the reentry vehicle. All 
weather capability implies that the selected radome material in combina-
tion with the radome shape provide adequate rain erosion resistance. Of 
course, the above requirements must be met with acceptable electronic 
performance of the radome. 
The designer's primary parameters for resolution of the radome de-
sign include material, and shape/fineness ratio. These parameters in 
turn impact back through the system requirements to a limited degree. In 
contrast, however, certain system characteristics can strongly affect the 
radome design and tradeoff studies are required to determine the best 
solution to the problem. For example, Fig. 1 shows for a given radome 
shape and reentry body ballistic coefficient that the melt point of slip cast 
fused silica (SCFS) is reached at ballistic missile performance corre-
sponding to approximately 475 nautical miles. However, the use of a re-
entry vehicle having a lower ballistic coefficient can provide a consider-
able reduction in peak surface temperature or permit an increase in 
range for the surface temperature. This would reduce the radome design 
47 
problem. The use of a reduced ballistic coefficient vehicle, however, 
could result in failure to meet system requirements such as velocity a-
vailable for maneuver and impact velocity; therefore, the tradeoffs must 
be thoroughly investigated. 
These system considerations are not the primary subject of this paper 
and will not be considered further. The detail design aspects of a radome 
suitable for application to a terminally guided surface-to-surface missile 
of medium range is now addressed. The results which follow reflect work 
performed at Martin Marietta/Orlando over the past year in the areas of 
radome design. 
DETAIL DESIGN 
The first consideration given a candidate radome material is its melt-
ing point. This value is an indicator of its potential velocity range capa-
bility. An unprotected radome could survive greater ranges only to the 
extent that ablation or sublimation could remove energy while not thinning 
the radome too severely. For the ballistic missile performance being 
studied, it was desired to limit radome material candidates to those 
having melting points above 3000°F. With this constraint, available ra-
dome materials are limited to SCFS, Silicon Nitride, Alumina, Beryllia, 
and Boron Nitride. For the application being considered, state-of-the-art 
limitations precluded Boron Nitride, Silicon Nitride and perhaps Beryllia 
and thermal shock requirements eliminated Alumina. Thus consideration 
was steered initially to SCFS for which the maximum surface temperature 
is shown in Fig. 1 vs. range for a 20 ° cone. These data are for the ra-
dome surface immediately aft of a rain protective nose cap. 
With SCFS as the candidate material, a full wave wall thickness of ap-
proximately 0.5 inch was required. This thickness also provides for high 
lateral load capability and thermal insulation. The radome base diameter 
in each case is 18.3 inches. Tactical usage and field maintenance dictated 
that the radome should be removable. This consideration in conjunction 
with the problems of high outer temperatures at the radome base lead to 
an inner attachment concept as depicted by Fig. 2, Concept A. Because 
hoop tensile stresses in SCFS might develop due to an inner attachment 
(due to thermal expansion mismatch), a low expansion nickel-iron alloy, 
(Invar) was considered. A flight load equivalent to 50,000 in lbs bending 
moment was chosen as a reference for this geometry but failure was ana-
lytically predicted without any consideration being given to thermal 
stresses from this bending exceeded 3000 psi when this ring was assumed 
screwed to a mating surface and for such boundary conditions a stress 
concentration factor of over 5 was found. This checks the result Dunham 
& Zike Ref. 1 obtained by using similar geometries and finite element 
computer programs, (Ref. 2 and 3). At this point it was decided that: 
1) For a mechanically weak material, the attachment concept is of great 
importance. 2) An attachment is desired which does not produce wide 
variations in the SCFS stresses as a function of the boundary conditions. 
That is, a deflection insensitive method of attachment is desired. 3) Sharp 
geometric corners are to be avoided in any attachment in the vicinity of 
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of the ceramic radome, 4) The stiffness expansion product (Ea) of the 
joint should be low to avoid thermal mismatch stresses. 
With this in mind, the authors chose the design of Fig. 2, Concept B. 
This attachment utilizes a series of shear bolts at the end of the skirt in 
lieu of the previously considered screw attachment. 
At this point a study was conducted to develop sensitivity tables of the 
maximum SCFS tensile stress related to the deflection boundary condition, 
the bondline modulus and thickness, Fig. 3, 4, and 5 respectively. These 
results indicate that the maximum tensile stress in the slip case fused sil-
ica is very sensitive to all these conditions when used in conjunction with 
an Invar joint. The final design, which evolved by considerable analysis 
and study is greatly improved in that the sensitivities of the bond and de-
flection have been significantly reduced. 
The final design (Figure 6) evolved through thickening the silica, in-
corporating a spherical bond, and substituting fiberglass for Invar. The 
geometry changes reduced axial stress and placed the bond more nearly 
in pure shear. The material change further reduced deflection sensitivi-
ties and joint stresses. The stress reduction is demonstrated in Tables I 
and II, where the Figure 6 geometry was used with both fiberglass and Invar. 
The mechanical load of Table I is equivalent to a 90,000 in. lbs. bending moment. 
There remains some uncertainty in equating these stresses to a real-
istic fracture stress as is commonly obtained in modulus of rupture and 
tensile specimens. For the computation of margins of safety, the highest 
tensile component of the principal direction stress tensor was compared 
to uniaxial tensile data. This neglects compressive failure and is other-
wise tantamount to the Lame-Navier Fracture theory. Other theories 
commonly used are those of Tresca and Saint-Venant or Von Mises-Hencky 
which are thought unacceptable for brittle ceramics (Ref. 4-7). 
Other analysis on SCFS radomes has included rain erosion prediction 
based on experimental data from G. Schmitt (Ref. 8 and 9). For an indica-
tion of the thickness of SCFS which might be removed by flying through a 
moderate to heavy storm, Schmitt's formula was used. The removal rate 
was integrated through the rain field for trajectories and ranges consis-
tent with maximum surface temperatures below melt. For conical shapes, 
the worst predicted erosion was 0.013 in. for a 24 ° slope and the least 
was 0.0067 in. at 15 ° . 
An evaluation of EM properties was not emphaSized since transmission 
characteristics are of secondary importance when compared to radome 
survival. In a tactical system however, EM properties must receive due 
consideration. Similarly, rain erosion and thermal shock, being essen-
tially determined by the choice of the radome material, must also be con-
sidered in the design task. 
In summary it can be concluded that: 1) Slip Cast Fused Silica is the 
best presently available material for reentry heating trajectories. 
2) SCFS radomes with wall thickness of approximately 0.5 inch can be de-
signed to withstand reasonable maneuver requirements imposed by ter-
minal guidance in spite of relatively low material strength and internal 
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missile components will be provided adequate thermal protection because 
of the inherent low thermal conductivity of silica. 
TABLE I TABLE II 
Maximum Thermal Gradient in Joint Area 	 Cool Down From 325 ° F Cure Temperature 
Plus Flight Mechanicals 
	 to Room Temperature. (.03" Bond Line) 
Adhesive Stresses 
Bi-Directional Ring 	Invar Ring 
Adhesive Stresses 
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Cold-Sprayed Fused Silica Radomes 
by F. P. Meyer and G. M. Harris 
INTRODUCTION  
Fused silica has proven to be the prime ceramic material for 
high velocity missile radome applications. Its unexcelled thermal 
shock resistance and its low and stable dielectric constant give it 
excellent properties as a ceramic radome material. Future require-
ments for very large and thin-walled structures have pushed the 
state-of-the-art to the limit of present capability of producing 
radome structures by conventional ceramic processing techniques. 
Presently, fused silica radomes are formed using the slip casting 
process (1). This process is well documented and many various size 
radome shapes have successfully been made with it. As the size of 
the radome increases however, the fabrication difficulties increase and 
there is a sharp rise in the scrap rate for the process. 
Previous work by Gannon et al (2) had shown that a medium density 
fused silica shape could be fabricated by spraying a slurry of silica 
powder containing colloidal silica as a binder phase onto a heated 
metal substrate and carefully drying the material. Bodies up to 60% 
of theoretical density could be fabricated with high green strength 
attributable to the binder used. With a few adaptations it was felt 
that this process could be used for fabricating large fused silica 
radome shapes and that impregnation processes could be developed for 
densification and strengthening of the preform to produce an acceptable 
radome. The ease with which the spraying process can be mechanized 
for high production rates and the excellent green strength of the 
material were major considerations in selecting this process. 
PROCEDURE  
The basic cold-spraying process for radome fabrication is shown 
in Figure 1. Similar to porcelain enamel spraying, a silica slip is 
pressure fed to a conventional air spray gun in which it is atomized 
and the fine spray made to impinge upon a rotating mandrel. The 
outside surface of the mandrel is machined to define the interior 
surface of the radome. Continual drying of the surface by four 
ribbon burners dries the spray upon contact and substantial thicknesses 
of ceramic may be built up. 
Fused Silica Slip  
The slip used in the cold-spraying process is made entirely of 
inexpensive commercially available materials; fused silica powder, 
colloidal silica and water. The fused silica powder is purchased as 
minus 200 mesh Glasgrain from Glassrock Products and the colloidal 
silica is a 30% by weight suspension produces by E. I. du Pont Co. as 
LUDOX AS. 
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Best spraying results to date have been with a slip containing 
58% by weight fused silica powder, 40% by weight colloidal silica 
solution and 2% water. This gives a total silica content of 70% 
by weight. The pH of the slip is maintained at 8.5 and the specific 
gravity is 1.62 * .05 gm/cc. 
The slip may be mixed in the spray tank by adding the fused 
silica powder to the liquid under moderate agitation. The slip may 
be sprayed immediately and is stable up to 8 hours or until agitation 
is stopped. 
Spray Equipment  
The fused silica slip is cold-sprayed using a conventional 
pressure feed paint spray outfit. The slip is contained in a five 
gallon pressure feed tank equipped with an air driven agitator. 
The slip is fed to the spray gun under a gauge pressure of 16-18 psi. 
The hand spray gun has a specially reinforced body, heavy duty 
packings and a high hardness fluid tip and needle for use with 
highly abrasive materials. 
Cold-Spray Process  
The mandrel used in the cold-spray process is machined from 
hardened steel. It is 17 inches high and 7 inches in base 0. D. 
with an 80 inch radius ogive shape. This mandrel is rotated at 
approximately 35 rpm for spraying. 
Ribbon burners are positioned vertically on either side of the 
mandrel and held approximately 3 inches from the surface. 
A silicone base mold release agent is sprayed onto the surface 
of the mandrel and air dried for 10 minutes. The mandrel is then 
rotated in the heat of the burners for 3 minutes to preheat the 
surface. 
During spraying the gun is held approximately 12 to 15 inches 
from the mandrel surface and rapid vertical strokes are made while 
keeping the gun perpendicular to the ogive at all times. Care must 
be taken to allow the freshly sprayed surface to dry properly and 
so spraying is done only on an up-stroke and occaissionally an 
entire stroke is ommitted. 
Best spraying results have been obtained using a fluid nozzle 
of 0.070 inches I. D. and compressed air delivered to the gun at 
45 psi for atomization of the slip. Upon completion of the cold-
spraying operation the burners are shut off and the radome and 
mandrel are allowed to cool. for 10 to 20 minutes. The steel 
mandrel will shrink away from the interior surface and the ceramic 
radome is lifted off. 
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Impregnation Process  
In the as-sprayed condition the radome will average 55 to 60% 
of theoretical density. The first impregnation step is simply a 
soak in the colloidal silica solution. The radome is inverted 
in a large vat of colloidal silica and the liquid is allowed to 
permeate thru the body. When the entire inside surface has been 
wetted the radome is removed and dried. 
Step two in the impregnation is a vacuum treatment as shown 
in Figure 2. The radome is sealed into the bottom fixture with 
wax so that a vacuum may be applied to the interior volume. 
Colloidal silica solution is then admitted to completely immerse 
the radome. After the accumulation of approximately 50 ml. of 
solution in a collection trap in the vacuum line the impregnation 
is terminated. The radome is then removed from the wax and dried. 
DISCUSSION OF RESULTS  
The cold-spray process has been used successfully to fabricate 
18 inch high ogive-shaped radomes with up to 1 inch wall thickness. 
An as-sprayed radome is shown in Figure 3. 
As-sprayed, a radome is 55% dense. The use of the colloidal 
silica binder in the slip imparts excellent green strength to the 
body however, and the radome will withstand rough handling in this 
condition. Subsequent impregnations greatly increase the green strength. 
Drying shrinkage for a radome fabricated by the cold-spraying 
process is virtually non-existent. The heat from the ribbon 
burners drives off nearly all free water from the spray as it 
collects on the mandrel. The binder phase then holds the particles 
against the surface and its strength is such as to prevent any 
shrinkage of the ceramic shell during this drying operation. 
The inner surface of the radome conforms exactly to the outer 
surface of the mandrel. 
The simple soak type impregnation increases the radome 
density to 65% of theoretical. Vacuum impregnation further 
densifies the ceramic to 1.48 gm/cc or 68% of theoretical. 
Several commercially available soluble silicate systems were 
tried as alternate impregnants in this work but none functioned 
as well as the colloidal silica. The combination of low viscosity 
and reasonably high silica content for this solution proved it to 
be the best impregnant. 
Repeating either of the impregnations steps failed to increase 
the density to any degree. Surface porosity was sealed rather 
quickly and penetration of the liquid is impossible. The vacuum 
treatment used as a second step was far better than using another 
soak cycle and future work will be to pressurize the colloidal 
silica solution and drive the liquid into the radome with greater 
force. 
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The radome is 68% dense after impregnation and has a flexural 
strength of 1400 psi. The surface finish on the interior of the 
radome is not affected by the impregnation and only the exterior 
surface requires machining. 
Samples from an impregnated radome were fired at 2250 °F for 
three hours and their final density was 1.70 gm/cc, 78.0% of 
theoretical. 
CONCLUSIONS  
Large thin-walled fused silica radomes can successfully be 
fabricated using the cold-spray process. Although porous in the 
as-sprayed condition, the structures are exceptionally high in 
green strength and subsequent impregnation greatly increases this 
strength so that machining may be done before firing. 
Impregnation of the porous radome structure produces a green 
body 68% of theoretical density and upon firing the density is 
increased to 78%. 
Improvements must be made in the densification of the as-
sprayed radome. Work must be devoted to improving the vacuum 
technique or else some other method for densification must be 
employed (cold isostatic compaction). 
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SYNTHESIS OF ELEVATED TEMPERATURE RESISTANT, 
EROSION RESISTANT POLYMERIC COATINGS 
By 
G. F. Schmitt, Jr. 
Air Force Materials Laboratory 
Wright-Patterson AFB, Ohio 
Background  
Operation of aircraft and missiles in rainy environments has re-
sulted in rain erosion problems on numerous components of those sys-
tems. Rain erosion has been a particular problem on radomes and other 
exterior plastic parts of aircraft and missiles because those components 
are nonmetallic (to be compatible with the radar), made of fiber-rein-
forced constructions (which are prone to erosion damage), and are 
typically located in positions on the aircraft which are subject to rain ex-
posure. These problems are primarily subsonic in nature because cur-
rent aircraft do not operate supersonically, if at all possible, in rain en-
vironments. However, because of aerodynamic heating associated with 
supersonic flight, erosion resistant coatings with long term (hundreds of 
hours) thermal stability at temperatures up to 500 ° F are required for ad-
vanced systems. 
Protection of aircraft radomes in the Air Force currently utilizes 
MIL-C-83231 polyurethane rain erosion resistant coatings which have 
been described at the last EM Window Symposium (Reference 1). The 
outstanding performance of the polyurethanes in actual service has elim-
inated erosion problems on many aircraft and service times in excess of 
two years for these polyurethane coatings are common. °However, the 
polyurethanes are limited in service temperature to 300 F for long times 
and 3 50 F for shorter periods (up to 24 hours). At temperatures above 
400
o 
 F, the polyurethane erosion coatings lose their elastorneric charac-
ter and their erosion resistance very rapidly. 
Outstanding erosion resistance is not the only requirement for a 
coating to be used in actual service. Other requirements include a) good 
dielectric transmission properties for radar transmission; b) antistatic 
properties for reduction of precipitation static on large raciomes; c) good 
weatherability including retention of rain erosion resistance, transmis-
sion and surface resistivity after prolonged outdoor exposure; d) appli-
cation techniques and cure properties which are compatible with repair 
of radomes at field activities. Repair of the coatings themselves as well 
as strippability, if the coating must be removed, are also required. 
In-house research at AFML has long emphasized high temperature 
polymeric erosion coatings and continual evaluations of candidate elasto-
meric/polymeric coatings have been conducted (Reference 2). A variety 
of thermally stable polymers including silicones, polyimides, amide- 
imides, fluorosilicones, carboxy-nitroso, silphenylene-dirnethylsiloxane 
57 
and other polymers which are elastomeric or thermally stable or both 
have been investigated with little success. Until recently, the ability to 
develop a coating which has long term (hundreds of hours) stability at 
400
o
F or 500 F, and possess substantial subsonic resistance to rain ero-
sion and meets all of the other requirements as discussed above had not 
appeared within the state-of-the-art. However, the newly developed 
fluorocarbon coating as reported herein does meet the requirements for 
advanced aircraft radome protection. 
Development of Fluoroelastomer Coatings  
Previous research at AFML on fluoroelastomers for high tempera-
ture sealants had proven the long term thermal capability of these poly-
mers for retention of physical properties. With this as a background, 
erosion resistant coatings were formulated and optimized with carbon 
black pigment for color and conductivity purposes), magnesium oxide fil-
ler (which serves as a stabilizer for the curing reactions) and cross- 
linking agents. Fluoroelastomers used were commercially avail-
able ones such as Viton from duPont and Fluorel from 3M 
Company. 
One of the keys to developing and optimizing the fluoroelastomer 
coatings which exhibited the greatest erosion resistance was the exten-
sive use of the rotating arm apparatus to characterize the dynamic re-
sponse of these coatings to the rain environment. The rotating arm was 
located at the Air Force Materials Laboratory. In these experiments the 
coated materials specimens are fastened on the tips of a propeller-like 
blade, spun at velocities of 500 MPH typically, through artificial rain (at 
AFML, 1.0 inch/hour simulated intensity of 1.8 mm diameter drops) 
which impinges on the surface. The specimens are exposed in this en-
vironment until failure of the coating by penetration to the substrate, 
which is determined by observation of the specimens while running 
through use of a stroboscopic light and closed circuit TV camera. The 
performance of coatings in the rotating arm apparatus has been corre-
lated to actual flight test results both as to rankings of various materials 
and the actual modes of failure of the materials themselves. The ap-
paratus has been previously described (Reference 3). 
Since, as previously mentioned, the principal components to be pro-
tected are constructed of reinforced plastics, glass fiber-reinforced 
plastic laminates (typically glass-epoxyor glass-polyimide) were used as 
the substrates in the rotating arm experiments. Not only are these lami-
nate substrates representative of the actual radome constructions which 
need to be protected, but their use was essential to assessing the per-
formance of the fluoroelastomer coatings being developed. The dynamic 
response of the coating over the substrate to the high loading rates asso-
ciated with droplet impingement has been found to be dependent on both 
the coating and substrate properties. For example, if aluminum sub-
strates were used instead of the glass-reinforced laminates, the result-
ing erosion response of the coating is not representative of its overall 
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protective ability for laminate (i. e. radome) substrates but is only indi-
cative of the coating strength and erosion resistance itself. 
The coating penetration phenomenon caused by continued droplet im-
pingement on the surface varies for different types of coatings. For ex-
ample, neoprene coatings gradually wear away with a true erosion pheno-
menon on the surface. Epoxy or polyester coatings possess no erosion 
resistance at all and fail by brittle rupture of the coating. Polyurethanes 
do not erode on the surface but suffer localized failures at a weak spot in 
the substrate under the coating or at a defect in the coating surface after 
prolonged exposure. The fluoroelastomer coating erodes away on the 
surface in a manner similar to the neoprene. Examples of coating fail-
ures are shown in Figure 1. 
Prior to the development of this fluoroelastomer elevated tempera-
ture resistant rain erosion coating, the AFML had formulated and evalu-
ated high temperature premolded rubber boot materials, including epich-
lorohydrin and ethylene propylene rubbers, for potential application to 
aircraft requiring high temperature performance radome protection. 
Based on AFML rotating arm rain erosion evaluations, these boot mater-
ials have shown promise with regard to their erosion performance. How-
ever, boots are not as good as coatings from the standpoint of field appli-
cation and repair. Application of the boot will require elevated tempera-
ture curing of a thermally stable adhesive which bonds the boot to the ra-
dome surface. For field repair, replacement of the entire boot will be 
required. Also, the coating has better rain erosion performance. 
The erosion performance of these coatings as a function of thickness 
is compared to that of the polyurethane and neoprene in Figure 2. As may 
be seen, the fluoroelastomer provides erosion resistance of 50% greater 
than the MIL-C-7439B neoprene and improves with thermal aging. It is 
not as erosion resistant as the polyurethane and would not be used for ap-
plications where the thermal requirements do not exceed the capability of 
the polyurethane. 
However, if long times at temperatures above 350 °F are required 
the fluoroelastomer coating is the only polymeric erosion coating which 
can withstand these conditions and maintain its erosion resistance. A 
graph demonstrating the retention of erosion resistance by the fluoro-
elastomer coating is shown in Figure 3. As illustrated therein, the coat-





F which serves as a post cure even though the fluoroelastomer cures 
at room temperature. Even after 200 hours at temperature, there is 
little decrease in time-to-failure and what reduction is observed is due 
to loss in substrate (epoxy or polyimide) properties not because of changes 
in the coating itself. This has been confirmed by physical properties 
measurements on free films of the coating which show no change in ten-
sile strength, elongation or modulus after 672 hours at 400
o
F. Note also 
in Figure 3, the new fluoroelastomer coating possesses approximately 
50% more erosion resistance at only 12 mil thickness compared to the 
performance of the 30 mil thick high temperature boot materials. The 12 
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mils thickness is a minimum for attainment of any substantial erosion 
resistance; at thinner sections, elastomeric coatings of any kind fail 
rapidly in the rain environment. 
As the temperature increases above 550 °F, 	fluoroelastomer 
embrittles and after exposure for 24 hours at 600 °F, the coating is no 
longer elastomeric or erosion resistant, This data is summarized in 
Figure 4. The substrates had to be changed from glass-epoxy (at 400 °F) 
to glass-polyimide (at 500 oF), to aluminum at 550 F or 600
o
F) to pre-
vent substrate degradation with thermal exposure from confusing the re-
sults. 
To obtain a proper level of surface resistivity for the antistatic 
coating, 0. 5-15 megohms, the fluoroelastomer coatings were pigmented 
with sufficient conductive carbon black to attain this resistivity. Greater 
or lesser amounts resulted in too much or too little conductivity. In ad-
dition, the magnesium oxide used in the base coat had to be changed in 
the conductive top coat because it masked out the carbon black even at 
higher loading levels and prevented attainment of proper surface resisti-
vity levels. Another magnesium oxide was found to be conductive. This 
topcoat is applied in a 2 mil thickness over the base coating which is 10 
mils thick, This approach maximized the erosion resistance of the anti-
static coating system since the use of higher loaded fluoroelastomer only 
would result in less resistance (because the presence of a high loading of 
pigment or filler invariably reduces the performance) and would reduce 
the transmission properties. 
The transmission properties of the Type I and Type II (antistatic) 
coatings were measured at X-band (9. 375 GHz) after application and 
found to be 94% and 90. 5% respectively. After six months exposure in 
Florida, the coatings were found to retain transmission values of 92% 
and 90% or greater and to maintain their resistivity at 0.5-15 megohms. 
The dielectric constant and loss tangent at X-band and room temperature 
are 3.77 and 0.055 respectively. 
The erosion resistance of the fluoroelastomer coatings was un-
changed after six months of Florida weathering. The fluoroelastomer 
coating is spray applied and cures at room temperature within 48 hours 
to full physical properties and erosion resistance. 
Future Applications of the High Temperature Fluoroelastomers  
Service tests of the fluoroelastomer coatings including electrical 
tests and actual flight testing are scheduled for summer 1972. The com-
bination of demonstrated subsonic erosion resistance, radar transmis-
sion properties, ease of application and thermal stability up to 500
o
F 
make this new fluoroelastomer coating a prime candidate for protection 
of radomes on high speed aircraft which will develop high surface temp-
eratures due to aerodynamic heating and will encounter rain subsonically. 
The types of aircraft on which the MIL-C-83231 polyurethane and the new 
fluoroelastomer erosion coatings can be used are shown in Figure 5 as a 
function of temperature. 
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Further development is well along to provide the necessary data to 
prepare a military specification on the coating, Also, to satisfy thermal 
flash requirements, a white version of this coating is being developed 
(the current coating is black), Initial erosion evaluations, dielectric 
transmission tests and thermal flash tests are extremely promising for 
the white fluoroelastomer, Tests are also underway at supersonic speeds 
(up to Mach 2, 5) to determine its potential for use on missile radomes 
which are expected to encounter rain at supersonic speeds up to Mach 2,5, 
On the basis of rain erosion evaluations using the rotating arm ap-
paratus in simulated rain, the new fluoroelastomer coating has demon-
strated at least 50% of the erosion resistance of the best current coating, 
a polyurethane coating as covered in MIL-C-83231, while offering at 
least 200
o
F increase in thermal stability over the polyurethane, To pro-
vide a basis or measure of what this offers in erosion protection for 
actual service, recent reports from SEA have shown that the polyure-
thane coating has functioned for over one (1) year with very little or no 
damage, Also, SAC has experienced that the polyurethane coating will 
last at least 2500 flight hours on KC-135 radomes before requiring re-
pair or replacement, Considering this, the new fluoroelastomer coating 
is expected to provide service life of at least six (6) months or up to 800 
flight hours including elevated temperature exposure (up to 500 F con-
tinuous service) with little or no repairs, Further planned modifications 
of the coating are expected to further extend these lifetimes, However, 
because of the excellent demonstrated performance of the polyurethane 
coating, it is not intended that the new fluoroelastomer will replace the 
polyurethane for applications below 300
o
F, 
IV, 	Conclusions  
1, A new fluoroelastomer rain erosion resistant coating has been devel-
oped which possesses a long term thermal stability (hundreds of hours) 
up to 500 F, 
2, The fluoroelastomer coating withstands rainfall conditions of 1 inch/ 
hour at 500 MPH for an average of 55-60 minutes, The coatings demon-
strate one way power transmission of 941 (at 9.275 GHz) and surface 
resistivity of 0, 5-15 megohms, They can be applied to full 12 mils 
thickness in 3 hours using conventional spray techniques, cure at room 
temperature, and maintain erosion resistance, transmission and anti-
static properties after outdoor exposure of six months or longer, 
3, With the use of the MIL-C-83231 polyurethane coating for rain ero-
sion protection of aircraft systems where the temperature does not ex-
ceed 300
oF for long periods and the use of the new fluoroelastomer 
coating for higher temperature radome erosion protection, these two 
coatings provide a significant capability for aircraft radome subsonic 
rain erosion resistance, 
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ABSTRACT 
Characteristics of a new radome materials system are described. Poly-
imide/quartz fabric skins with a dielectrically matched syntactic foam 
core form the basis for lightweight radomes. The current state-of-the-
art in fabricating panels and scaled-up items is discussed. Plans for 
manufacturing and testing full-scale aircraft nose radomes are outlined. 
INTRODUCTION 
As the speed, size and performance capabilities of advanced aircraft in-
crease, the demand for radomes with correspondingly improved structural 
and environmental resistance capabilities also increases. At the same 
time, the requirements for high levels of transmission efficiency and im-
proved broadband capabilities must be met. 
Within recent years, new high temperature resistant resins such as the 
polyimides have made it possible to foresee radomes capable of operating 
for long periods at temperatures up to 600°F. When combined with quartz 
fiber reinforcements, low dielectric constant and loss composites (% 3.2 
and 0.005 respectively at 9.375 GHz) are achieved. 
It is recognized that the best electrical performance at any given fre-
quency can be achieved with the half-wave radome wall configuration, 
particularly in the case of streamlined shapes. Solid laminates of the 
optimum electrical thickness are, however, much heavier than necessary 
to meet the structural requirements. One approach to reducing the weight 
is to replace part of the thickness with a low density syntactic foam 
core, loaded to the same dielectric constant as the laminate material. 
In this way, a lightweight sandwich construction is achieved which 
appears electrically as a half-wave wall. 
With this concept in mind, Brunswick Corporation developed a high tem-
perature resistant syntactic foam formulation, using conventional 
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polyimide resins, with filler materials for light weight and for dielec-
tric loading. With this core material and low void polyimide*/quartz 
fabric skins, a prototype F4J radome was fabricated under a contract to 
McDonnell
g(1 	
Aircraft. Electrical performance of this unit was outstand- 
Based upon the demonstrated feasibility of fabricating large lightweight 
radomes with 600°F capability, a program was funded by the Manufacturing 
Technology Division, Air Force Materials Laboratory, to establish new or 
improved manufacturing processes for fabricating large radome structures. 
The goals of this program are to achieve a high degree of reliability and 
reproducibility of such configurations, while effecting the maximum re-
duction of materials and manufacturing costs. Phase I efforts, discussed 
in this paper, have included the optimization of fabrication processes, 
fabrication of scale-up items, and evaluation of fabricated parts to 
verify the adequacy of the materials and processes to meet the structural, 
environmental and electrical requirements of future radome systems. 
PROPERTIES OF MATERIALS 
Typical mechanical, physical and electrical properties of sandwich com-
ponents and the assembled sandwich are shown in Table I, measured at room 
temperature after sandwich fabrication. Figure 1 depicts a typical radome 
wall construction designed for X-band. Dielectric constant of the foam 
core can be adjusted as desired by the addition of more or less filler 
material. 
Of particular interest is the stability of electrical properties at 
elevated temperatures. Dielectric constant and loss tangent of the 
quartz/polyimide laminated skins, foam core and miscellaneous materials 
were measured at temperatures up to 1000°F for the laminate and to 600°F 
for other components, using the ASTM D-2520 shorted wave guide method. 
Average results for several runs are shown in Table II. 
MANUFACTURING PROCESS: STATE-OF-THE-ART 
Although the basic methods for fabricating large radomes with these poly-
imide-based materials were demonstrated in the F4J radome, this work also 
showed a need for improved processing techniques. In this current effort, 
understanding and control of major material and process variables has 
been established. Specifications have been written to assure that the 
performance properties can be achieved from each material used in the 
construction. Process controls have been established, and manufacturing 
time reduced. Significant advances include: 
Fabrication of Large Foam Tiles - Prior to this current program, the max-
imum size of a sandwich core tile was about one square foot. Severe 
cracking during cure and postcure of larger sizes was a limiting factor. 
However, the incorporation of 1/4" long chopped fibers into the mixture, 
and careful control of drying and curing processes resulted in signifi-
cant reduction in the frequency and severity of cracks. Currently, tiles 
*BPI-373 Polyimide Prepreg, Brunswick Corporation, Marion, Virginia 
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as large as 16 square feet are common, both in flat or curved configura-
tions, with a high level of confidence that no cracking will occur. 
Previously, 72 individual tiles were required to form the core of an F4J 
radome. Today, a much larger radome will use no more than eight tiles. 
This ability will reduce the manufacturing time and cost substantially. 
Maintaining Low Void Content of Skins - The Brunswick-developed polyimide 
prepreg system, designated BPI-373, can produce a low porosity laminate 
(< 5%) rarely achieved with other polyimide systems. Lower void content 
reduces the rate of vtrength degradation at elevated temperatures, as 
reported by Askinsk 2 ). In order to achieve a void content level below 
5%, however, it is necessary to maintain close control over the prepreg 
volatiles content and curing conditions. Figure 2 shows the effect of 
residual volatile materials in the prepreg upon final laminate void con-
tent, under one set of curing conditions. 
Rain Erosion and Lightning Protection - Integrated into this radome 
manufacturing development effort is a program to include advanced pro-
tective materials and concepts. Application techniques for the latest 
rain erosion-resistant coating, an Air Force developed fluoroelastomer 
designated AF-C-934, have been established. This coating has been found 
to retain excellent erosion-resistant properties on glass-polyimide sub-
strates after 200 hours' exposure at 500°F. In addition, the recently 
developed "button" type lightning diverter stripsk 3) are being evaluated 
for use on these radome wall substrates. Techniques for fabricating the 
diverter strips are being undertaken by Douglas, the developer of the 
concept, with polyimide-based laminates as the circuit board carrier 
material. Prior to this program, only low temperature (epoxy) materials 
have been used. Other components of the strips, such as the resistance 
coating and metallic button coating, are being upgraded for 600°F 
capabilities. 
Radome Assembly Processes - Procedures have been established during this 
program to fabricate the elements of the polyimide foam core sandwich 
and assemble them into large structures. Of particular significance is 
the use of conventional tooling and facilities, which maintains the pro-
cessing costs at a relatively low level for future production considera-
tion. 
Figure 3 illustrates the major operations involved to produce a finished 
radome, less attach hardware. Each step of the manufacturing process is 
monitored to assure structural and electrical performance. Cured foam 
core tiles are checked for density, dielectric constant and loss at the 
primary radome design frequency. Skin samples are checked for density, 
void content and resin content. Each of the two grinding operations 
shown in Figure 3 are followed by one-horn interferometer scanning to 
assure the correct dielectric thickness. Non-destructive test methods 
such as X-ray, ultrasonic and photochromic coating analysis are being 
evaluated for use in detecting internal defects which might have an 
effect upon structural integrity. 
Large-Scale Test Articles - Prior to attempting to fabricate full-scale 
aircraft radomes, several large items have been prepared for evaluation 
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of the processes developed and the performance of the materials. Shown 
in Figures 4 and 5 are a sub-scale radome, about 30" long, and a 19" dia. 
x 32" long cylinder, respectively. In addition, panels of up to 4' x 4' 
have been fabricated to test one-way power transmission and insertion 
phase delay, before and after exposure to several environmental con-
ditions in accordance with MIL-E-5272. Following these scans, mechanical 
properties of test coupons will be determined before and after thermal 
aging of up to 1000 hours at temperatures of 400°F, 500°F and 600°F. 
This work is currently in progress. 
Future Plans - Assuming that the testing of scale-up items described 
above indicates no serious problems, these processes and materials will 
be used to fabricate two full-scale aircraft nose radomes. At this time, 
plans are to use an ogive configuration of about 92" in length and a fine-
ness ratio of about 2:1, typical of advanced supersonic fighter aircraft 
nose radomes. These units will be complete with erosion-resistant 
coating and lightning diverter strips of the "button" type. 
Radome testing will be extensive. Electrical testing will include X-band 
transmission and beam deflection, full radar patterns at X-band and 
L-band, and X-band and L-bard VSWR (power reflection). All of these 
tests will be conducted on the radome shell with and without lightning 
strips, before and after environmental/dynamic and lightning tests. The 
latter tests include vibration, shock, acceleration and altitude (70,000 
ft) cycling. Following the lightning tests, to be conducted by Lightning 
Transients Research Institute (LTRI), one unit will be subjected to 
static loading at 600°F in combined modes of shear, bending and simulated 
drag. 
CONCLUSIONS 
Materials and processes have been established which should prove appli-
cable to large radome structures. With these materials and techniques 
readily usable by the radome industry, the prospects are good that future 
supersonic aerospace vehicles will incorporate radomes with the polyimide-
based lightweight foam sandwich construction. 
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TABLE I 
TYPICAL PROPERTIES OF COMPONENTS OF 
SYNTACTIC FOAM CORE SANDWICH 
PROPERTY 111 
MATERIAL 






3.2 - 3.3 3.1 3.1 A,- 3.8 3.1 
TANS F X-BAND .003 - .006 .012 012 .05-.07 .009 










RESIN CONTENT. 	WI 35 - - - - 
VOIDS. 	V VOL. <5 - - - 
COMPRESSIVE STR . 	PSI o: R T. 60.000 ,, 500 - - >500 
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- >GOO - 
NOTES 	III 	TESTS KR FEDERAL TEST METHOD STANDARDS 401 	436 	OR 
MM4 - A - 132 AS APPLICADEE 
121 	CORE PROPERTIES AFTER BEING BONDED INTO SANUMEH 
TABLE I 
TYPICAL DIELECTRIC PROPERTIES 
OF RADOME WALL COMPONENTS 
DIELECTRIC PROPERTIES 
MATERIAL TEST 




R.T. 3.29 .005 
POLYIMIDE/ 400° F 3.32 .005 
QUARTZ 500° F 3.31 .003 
LAMINATE 600'F 3.25 .002 
1000"T 3.4 ‹.001 
POLYIMIDE R.T. 3.08 .012 
SYNTACTIC 400° F 3.10 .011 





R.T. 3.12 .014 
POLYIMIDE 400° F 3.06 .008 
ADHESIVE 500 F 3.09 .008 
600 F 3 	13 .011 
FLUOROELASTOMER R.T -v 3.8 .05 - .07 
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FIGURE 2 
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PERTURDATI1 'dr TIE ANTENNA-RADOME INTERACTION  
by 
Ahul hakswd Sayied* 
Precision & duality Research Systems 
88 Holworthy Street, Cambridge, Mass. 02138 
The Antenna-Radome System interact both through volume-type electromagnetic 
phenomenon present within the radome and surface-type electromagnetic phenomenon present 
in the form of a guided wave propagating parallel to the inner walls of the radome. 	In 
this note we announce an analysis of the antenna-radome interaction and its perturbation 
due to [Ho introduction of various peometrics of artificial dielectric layers and 
multilayers on tie inner walls of the radome. 
The antenna-radome system together with artificial dielectric layers (referred 
to Ps HD System) is a hypercooplex electromagnetic structure whose Jescription using 
the mathepatical machineries of liaxwells equations involve several types of mathematical 
comploxi V cc: 
(o) 	'Jo are involved wito mixed type boundary value oroblems i.e. houndary value 
oroolnns which are elliptic (and hence reouire q Dirichlet typo boundary condition) on 
sore Harts of the boundary and which ro , hyperbolic (and hence require a Cauchy type 
boundary condition) an other oarts of the Oodndar7. 
(h) 	The geometric boundarieo 	lluo various sub-systems of the antenna-radome 
syste ,a together with artificial dielectric i yore (or m:fltilayers) are thomselves not 
situp 	and are comooreable or inco,oaroable in size to the elaclredPanatio: whve-length. 
(c) Inc artificial dieloclnic have electromagnetic properties which thodselves 
rshire complex statistical analysis (analysis of the electromagnetic properties of 
artificial dielectrics and their technical uses by A. r. Sayied to be published in P & ) 
Research Systems Reports). 
The analytical techniques adopted for the electromagnetic analysis of ARD-
System is the introduction of the mcf:o!otAical motion of tic functioned dielectric 
❑ aro.motor to - ethen 	svelen of enuations derived frog leaxwells equotions and 
icavills's eplalion is strona ansodopy to those found useful in the discussion of 
"fonv-lode Problem in accelerators One to hioh geam intensity" by 	Sayied Brookhaven 
ational tabors:tory. 	Advanced ,lccolerafor development Division deport do. AADD-73, 
July 2_4, 	issued Parch, P&S, Popes 1 - 33. 
lln ahsence at School of Physics and Hathematic, 
llniv:rity of lci once 
P2nenp, 	malays'ia. 
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THE PLANE WAVE SPECTRUM-SURFACE INTEGRATION 
TECHNIQUE FOR RADOME BORESIGHT ANALYSIS * 
R.C. Rudduck and D.C.F. Wu ** 
ElectroScience Laboratory 
Department of Electrical Engineering 
The Ohio State University 
Columbus, Ohio 43212 
9 June 1972 
** Now at Amecon Div., Litton Systems, Inc., 
College Park, Md. 
I. INTRODUCTION 
Accurate prediction of radome boresight error has proven difficult 
even after years of effort by many researchers. Achievement of small bore-
sight error at all look angles is a major design goal of an antenna-radome 
system. The boresight error of a well-designed system will be less than a 
few tenths of a degree. The purpose of this paper is to report an accurate 
boresight analysis for practical three-dimensional antenna-radome systems. 
The basic approach of the radome analysis is the same as that of 
Paris[1] in that the antenna near fields are accurately analyzed in a point-
by-point calculation of the fields transmitted through the entire radome 
surface. However, the analysis of practical three-dimensional antenna-
radome combinations has b9en impractical for medium and large antennas, 
i.e., on the order of 75x or larger. The principal difficulty encountered 
is the excessive computation time required for the large number of antenna 
near field calculations. The key feature of the approach taken by the 
authors is the use of the Plane Wave Spectrum (PWS) formulation for calcu-
lation of the antenna near fields[2]. The PWS formulation provides much 
improved efficiency over conventional near field analyses and makes possible 
calculation of radome boresight for large antennas. 
II. ANTENNA NEAR FIELD CALCULATIONS 
The plane wave spectrum formulation is based on the Fourier transform 
of the aperture field[3,4]. The near field of a circularly symmetric 
aperture can be represented in terms of a spectrum F(k 0 ) of one variable as 
37FT7671rWiTriTd in this paper was supported in part by Contract N00019-
70-C-0252 between Department of the Navy, Naval Air Systems Command, Wash-
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Where (p,(p,z) are the cylindrical coordinates of the near field point, and 
k r) and k z are the spectral wavenumbers with respect to the p and z coordi-
nates, respectively. The circular symmetry property was used to great ad-
vantage by Bailey and Swift [5] in the analysis of the aperture admittance 
of circular waveguides. The spectrum of the uniform circular aperture 
corresponds to the well-known radiation pattern result 





where a is the aperture radius. 
The PWS formulation for antenna near field calculations is about 5 
times more efficient than conventional aperture integration techniques for 
a 10x diameter antenna; and is increasingly more advantageous for larger 
apertures[6]. 
Some typical near field distributions are shown in Figs. 2 through 4 
for the 10x diameter uniform circular aperture used in the radome bore-
sight calculations discussed below. Both phase and magnitude distributions 
of the y-component of the electric field are compared on plane surfaces 
spaced 2x, 10x and 20x from the aperture antenna. As seen in Fig. 2 the 
fields at 2x away from a circular aperture antenna are almost the same as 
a two-dimensional strip antenna. However, the finiteness of the circular 
aperture antenna becomes apparent as the distance away from the aperture 
is increased. Thus it is seen from Figs. 3 and 4 that the main lobe of the 
circular aperture antenna is shaping up faster than that of the two-dimen-
sional strip antenna as the distance from the aperture antennas increases. 
III. RADOME ANALYSIS 
The basic approach for analysis of the three-dimensional antenna-
radome combination can be divided into the following steps: 
1. The near fields of the antenna which are incident upon the 
radome are calculated. 
2. The transmission through the radome is calculated. 
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3. The radome boresight is determined from the beam maximum of 
the distorted antenna pattern which is calculated from the 
transmitted field. 
A brief explanation of each step is given below. 
The radome analysis and computer program were developed for cylindri-
cally symmetric radomes defined in terms of ogival sections. For a given 
look angle and gimbal location, each computation point on the radome sur-
face is related to the antenna coordinates through a coordinate transforma-
tion to obtain the incident field on the radome at each point. 
The transmission through the radome wall is analyzed by using the 
approximation of a local plane wave incident on a plane sheet. The inci-
dent Poynting vector is calculated from the knowledge of both the electric 
and magnetic near fields of the antenna. This gives the angle of incidence 
at each point and permits the incident wave to be resolved into the usual 
components perpendicular and parallel to the plane of incidence. The 
electric and magnetic field components tangential to the radome surface are 
then calculated using the plane wave transmission coefficients for perpen-
dicular and parallel polarizations. 
The third step in the analysis consists of performing an integration 
over the radome surface to determine the distortion of the radiation pat-
tern. In the computer program that was developed only the distortion of 
the main beam and thus the boresight error are calculated. The analysis 
can readily be extended to calculate antenna sidelobes. The boresight 
error is evaluated in this analysis from the deviation of the radiated beam 
maximum. 
Boresight error calculations using the three-dimensional Plane Wave 
Spectrum - Surface Integration (PWS-SI) analysis have been obtained for two 
ogive radomes with half-wavelength wall design and with fineness ratios 1:1 
and 2:1 are shown in Figs. 5 and 6, respectively. The corresponding mea-
sured boresight error data shown in the figures were supplied by the U.S. 
Naval Air Development Center at Johnsville, Pennsylvania. It is noted from 
Fig. 5 that there is essentially no boresight error in the nose-on region 
for the radome with fineness ratio 1:1. However the boresight error for 
the radome with 2:1 fineness ratio peaks up at look angles around 10 to 15 
degrees. Considering that some experimental error may be present in the 
measured results, it is concluded that the PWS-SI method is a powerful 
technique in analyzing three-dimensional antenna-radome combinations. 
IV. 	CONCLUSIONS 
The research presented here offers a practical method for determining 
boresight errors in an antenna-radome system. The Plane Wave Spectrum-
Surface Integration (PWS-SI) analysis contains the diffraction mechanisms 
necessary to accurately treat practical antenna-radome problems. The Plane 
Wave Spectrum analysis offers accurate and efficient methods for calculating 
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near-fields of large aperture antennas. Good agreement between theory and 
measured boresight data is obtained. 
In the recent developments of antenna-radome systems, considerable 
attention is being given to the prediction of antenna sidelobes and back-
lobes. As an extension of this research, steps may be included in the PWS-
SI technique to calculate the influence of the radome on sidelobe and back-
lobe levels for practical three-dimensional antenna-radome combinations. 
Useful applications include radome systems in the R and D stage as well as 
operational radomes with boresight or other deficiencies. 
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BANDPASS CONICAL RADOME 
C. C. Chen 
Hughes Aircraft Company 
Ground Systems Group 
Fullerton, California 92634 
In conventional airborne radar systems, the antenna is located in the nose 
fuselage of the aircraft or missile. The antenna and the bulkhead on which it is 
mounted can present large radar cross sections to hostile radars over a wide 
frequency range when viewed from certain angles. By using a bandpass radome 
or cover, it is possible to reduce significantly the RCS of the antenna and bulk-
head while still allowing the antenna system to operate properly within its 
prescribed frequency ranges. Recent advances in the capability of computing the 
transmission and reflection coefficient from a flat conducting sheet perforated 
with various shapes of apertures [1-3] make it possible to design a bandpass 
structure which satisfies the above requirements. 
The calculated and measured transmission losses for a thin slotted brass 
sheet with a dielectric backing are shown in Figure 1 for three different angles of 
incidence. There is very close agreement between the computed and experi-
mental results. This flat panel computation has been used to approximate the 
design of a conical radome. Figure 2 shows an X-band conical radome which has 
a 41.8 degree half cone angle, and a 30-inch base diameter. The wall of the 
radome is constructed from a perforated thin, conductive sheet backed by a .018 
inch thick fiberglass with dielectric constant of 4; four different sizes of 
rectangular slots on the conical surface were designed according to their 
respective looking angle in each sector of the cone. The slots are uniformly 
spaced on the conical surface and they are so oriented to pass a linearly polar-
ized wave. This conical radome was attached to a 30-inch dish, conical-scan 
fire control antenna to test the transmittivity of the radome. The E and H-plane 
radiation patterns of the dish with and without the radome are shown in Figure 3. 
Within the designed passband, the dish patterns with radome show negligible loss 
in gain and the first sidelobe is about 2 dB higher than the pattern without the 
radome. However, all sidelobes are still more than 24 dB below the peak in the 
H-plane and 22 dB in the E-plane. Off the designed passband the slotted radome 
is detuned from resonance and behaves like a conducting cone. In this 
experiment, it is observed that: first, the curved surface near the vertex of 
this cone causes little gain degradation. Second, there is little edge effect of 
the radome since the base edge of this cone was attached to the rim of the dish 
Third, at frequency, slightly off the passband, the radome forms a cavity, 
therefore, the gain of the antenna becomes oscillatory with the change of 
frequency. 
The reflectivity and transmissibility of a perforated plate depends on the 
polarization and the angle of incidence. In order to reduce the polarization 
sensitivity, a sandwiched conducting screen perforated with circular holes 
arranged in a hexagonal lattice was chosen. The calculated transmission loss 
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and insertion phase delay for an infinite flat plate as a function of incident angle 
are presented in Figure 4. The maximum transmission loss is less than .6 dB 
and insertion phase delay less than 35 degrees for both polarizations within a 
60 degree incidence from normal to the plate. At a few percent lower frequency, 
transmissibility of this plate is improved for a perpendicularly polarized 
incidence, and deteriorated for a parallel.y polarized incidence. Shifts of 
resonant frequency and changes of bandwidth in the opposite sense for the two 
orthogonal polarizations as a function of incident angle limit many useful 
applications of this perforate plate. Other structures such as multi-layer panel 
and center-loaded slots are under investigation. 
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SOME EXPERIMENTAL RESULTS OF DIELECTRIC AND METALLIC LOADING OF RADOMES 
R H J CARY ROYAL RADAR ESTABLISHMENT MALVERN UK 
1 	REACTIVE LOADING OF A HELICOPTER BLADE ANTENNA-RADOME 
Long microwave antennas have been included in the front and trailing 
edges of helicopter blades to give narrow azimuthal beams scanned by the 
rotation of the blades. Various vertical beamwidths typically 35 ° to 80° 
 have been employed. Ref. 1. A particular requirement arose which required 
optimising gain of such an antenna by limiting the vertical pattern. The 
front edge was not preferred structurally, nor from erosion damage, nor 
from having space to optimise gain. The rear blade was offered with the 
possibility of replacing the outer metallic surface by a dielectric resin-
glass fibre laminate of near 0.95 mm thickness, and the internal supporting 
metallic honeycomb to be replaced by preferably, a dielectric honeycomb or 
possibly a lightweight foam material. The antenna source, which was 
expected to be some waveguide linear array system was to be located (Fig. 
la) preferably as near the centre of gravity as possible. 
1.1 Choice of Internal Structure: The waveguide linear array source 
divorced from the helicopter blade would have a wide vertical beam. An 
arrangement as in Fig. 1(a) with an X(I) band source, within the internal 
structure of dielectric honeycomb permittivity near 1.06 and without the 
external skins, gave some beaming in the vertical plane. Higher permit-
tivities, using expanded foams, of 1.2 and 1.3 gave considerably more 
beaming and the choice of beamwidth to suit the application, Fig. 1(b). At 
Ku (J) band the honeycomb gave more beaming and again higher permittivity 
foams gave narrower beams. 
The foam material, though lightweight, still added considerable weight 
overall, due to the long length of the antenna, and the additional weights 
required to balance the blade individually and further weights to balance 
the blades as a group. 
The use of an artificial dielectric in the form of dielectric thin 
sheets on which were imprinted metallic shapes, were employed in various 
sizes and distances to give the required permittivity at the particular 
waveband, and to replace the foam material. Ref. 2. The artificial 
dielectric sheets formed an integral part of the lightweight dielectric 
honeycomb support structure and in consequence added negligible weight to 
the blade. An example of the permittivity and loss tangent of this form of 
artificial dielectric is shown in Fig. 1(c). Spaced crosses were found to 
have less loss than discs, and were suitable for both polarisations. 
1.2 Matching the Outer Skins: The external 0.95 mm skins of permittivity 
4, require matching from the internal material to that of air. Due to the 
high angles of. incidence (84 0 ), without matching resulted in severe 
distortion of the beam and losses. 
For matching perpendicular polarisation inductances may be used, 
which may take the form of a grid of parallel wires parallel to the E 
vector. With the source in Fig. 1(a) with E vector horizontal, an X(I) 
band design for instance, where the internal structure permittivity was 
1.3, required 0.05 mm diameter wires spaced 10 mm apart, placed inside the 
laminate 0.5 mm from the outer surface, and lying longitudinally along the 
blade. 
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For parallel polarisation capacitive matching of the skins is required. 
An example at X(I) Band with the E vector vertical, an inner structure of 
permittivity 1.3, the match consisted of capacitive metallic crosses giving 
the necessary shunting susceptance placed 0.5 mm from the outer surface of 
the skin. 
For circular polarisation inductive wires used to match the perpen-
dicular polarised component have to be adjusted to also neutralise the 
effect of the necessary capacities used to match the parallel polarised 
component. The wires being orthogonal to the E vector do not affect the 
parallel polarisation. While this method of combining matching ensured 
good transmission, the phase of the different components was such as to 
tend to mar its circularity. This was corrected by generating a somewhat 
elliptical polarisation such that it was converted to circular through the 
radome. 
1.3 Beam Shift in the Vertical Plane: The rotor blades as they rotate 
change often their attitude with respect to the horizontal. Where the 
angle change is large, to maintain the relatively narrow vertical beam 
pointing at the desired vertical angle it may be necessary to incorporate 
a double source into which by switching power or controlling phase from one 
source to the other, the beam can be maintained at a particular horizontal 
angle in the vertical plane. 
1.4 Conclusion: This type of antenna-radome construction employing an 
artificial dielectric in the skin support structure, and matching of the 
outer skins can give a narrow beam in the vertical plane with increased 
gain, with minimum weight added and may be applicable not only to 
helicopter blade antennas but also to rotodome constructions. 
2 	REACTIVE LOADING OF A WIDEBAND CIRCULAR POLARISED AIRCRAFT RADOME 
A circular polarised antenna system covering nearly a 4:1 frequency 
range at microwavelengths required to be housed in a radome whose shape 
was such that the angles of incidence were mainly less than 72 ° . 
Because of the narrow band properties of the solid type radome, an A 
sandwich construction was considered, with skins, permittivity of 4.2 and 
thickness 0.11 mm, and a foam core permittivity 1.2, whose thickness was 
varied for optimum transmission and minimum ellipticity. Matching the 
skins individually with lumped inductances in their centre is known to 
improve their wideband performance. A grid of wires as a lumped induct-
ance in the centre of the core was found to give even better matching and 
closer Insertion Phase Difference between perpendicular and parallel 
polarisation, and improved circularity and the advantage of only one layer 
of lumped susceptance. 
Values of circular polarised transmission efficiency at different 
frequencies and angles of incidence are shown in the following Table 1 for 
skins of permittivity 4.2 and core 1.2 without any inductive matching. A 
considerable improvement was obtained by using resin-quartz cloth with a 
skin permittivity of 3.2 without inductive matching as shown in the table, 
and a further improvement of transmission by including inductive matching 
in the core is shown, with the resultant ellipticity. 
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% TRANSMISSION & ELLIPTICITY 
1 2f 1 3f 1 4f 1 
%E%E%E% E 
4.2 1.2 70° - 66 1.6 68 1.42 62 1.68 58 2 
3.2 1.2 - 73 1.45 72 1.4 80 1.52 72 1.88 
3.2 1.2 YES 94 1.42 76 1.2 86 1.37 80 1.5 
4.2 1.2 - 75 1.36 86 1.32 63 1.56 55 2 
3.2 1.2 60° - 83 1.3 90 1.25 80 1.3 74 1.8 
3.2 1.2 YES 95 1.3 92 1.1 86 1.16 81 1.4 
4.2 1.2 - 86 1.3 86 1.15 75 :L.3 58 1.8 
3.2 1.2 30° - 88 1.15 92 1.13 78 1.25 70 1.5 
I 	3.2 1.2 YES 90 1.15 93 1.1 82 1.2 72 1.4 
TABLE 2 RADOME % TRANSMISSION & ELLIPTICITY 
3.2 1.2 UP  TO 
72° YES 92 1.2 85 1.15 84 1.2 77 1.4 
The inclusion of the inductive matching on the radome could take the 
form of circumferencial thin wire rings laid in the centre of the core 
medium, each ring spaced to give the necessary loading at that point on the 
radome. This arrangement was found satisfactory as the wires are mainly 
parallel to the E vector for perpendicular polarisation and gave the 
necessary matching. Transmission of parallel polarisation through the A 
sandwich of the given dimensions did not require inductive matching and the 
wires being perpendicular to the E vector in this case did not interfere 
with its performance. 
The values of the matching inductances were such that they could be 
obtained by a wire of near 0.05 mm dia., variably spaced near 15 mm. This 
was found to give the improved transmission and ellipticity, but due to 
the spacing and the angles of incidence resulted in diffraction lobes being 
produced and resultant losses in the main beam, when this occurred. The 
spacing could be reduced such that diffraction lobes were not produced, by 
making the wires thinner. An impractical diameter of near 0.002 mm was 
required to give typically the necessary inductance. The problem was 
solved by coiling 0.05 mm dia. wire on a thin walled 0.84 mm dia. 
dielectric tube, and the required inductance was obtained by varying the 
number of turns, typically one per mm. Fig. 2. 
The radome was constructed on a male mould on which was built the 
inside skin and then the foam core. Grooves were machined round the 
radome from nose towards the base at the necessary non-diffracting spacing, 
to a depth such that the coiled wires on their formers were set in the 
middle of the foamed core. The grooves were then sealed with a low 
permittivity filler and the outer skin and finally the rain erosion coating 
applied. The result of the measurement on the radome in Table 2 indicated 
over the frequency band and scan angles, that the power transmission was 
not less than 77%, and the ellipticity (V.E.R.) was less than 1.2 over 
most of the band. 
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3 	A DIELECTRIC LOADED MULTI-BAND RADOME 
Design solutions to an X(I), Ku (J) multi-band, not harmonically 
related radome may be obtained by choosing the permittivity of the centre 
section of a radome to suit the ratio of the frequency bands. Ref. 3. As 
an example, for a ratio of X(I) to Ku (J) band of say, 1.89, a solution can 
be found by making the radome as a B sandwich, the external layers having 
a permittivity of 4 and the centre of 5.4. See Fig. 3 where maximum 
transmission for perpendicular polarisation at various angles of incidence 
is plotted against skin and core thickness to wavelength, from which the 
necessary thickness of skin and core can be determined. 
The permittivity of 4 was obtained by conventional resin glass-fibre 
construction and the radome centre loaded to give 5.4. Models with 
titanium dioxide and lightweight artificial dielectric loading were 
experimented with, to the shape requirements of an advanced aircraft. 
Comparison of the theoretical and practical transmission loss, ellipticity 
and aberration at X and Ku band for circular polarisation at various 
scan angles and frequencies showed close agreement as shown typically in 
Fig. 3(a), (b), (c). A compromise in design in thickness was necessary 
as the practical best conditions of transmission, ellipticity and 
aberration did not coincide as shown typically in Fig. 3(d) for frequencies 
at X Band. 
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PERFORATED METALLIC RADOMES 
T. E. Fiscus and G. Tricoles 
(General Dynamics Electro Dynamic Division, San Diego, Calif. 92112) 
Radomes are usually dielectric objects, but perforated metallic layers are 
being developed for inclusion in or addition to radomes. There are several 
reasons for including metal. Dielectric radomes lose strength at elevated temper-
atures of supersonic flight. A combination of metal and dielectric may be lighter 
than a halfwave, all-dielectric radome. The bandwidth of a radome with metal 
can be made narrow with the possibility of reducing the radar cross section of the 
antenna-radome region. Metal layers outside a radome may provide protection 
against lightning and hail. 
Methods for designing radomes with perforated metallic layers are very well 
developed in some respects but not in others. Very accurate theoretical descrip-
tions and numerical techniques have been developed, but only for flat structures.* 
Moreover, this analysis is for periodic structures. No theory has apparently been 
developed for curved structures such as cones, ogives, or hemispheres. The 
approach is usually experimental; however, the radomes that have been developed 
so far are blunt, such as a hemisphere, or if they are pointed, incidence angles 
are relatively low, approximately 50°. In addition, experimental evaluations have 
been limited; antennas have been large in terms of wavelengths; the aspect and 
polarization dependence of observed quantities has been restricted. The boresight 
error properties of curved radomes have apparently not been evaluated. 
The most practical approach to designing perforated radomes seems to be to 
consider the radome as locally flat. This approach is widely used to design 
dielectric radomes. However for a perforated radome, curvature may change 
the interactions of adjacent apertures. 
A perforated radome will probably be periodic so it may have grating lobes. 
To prevent grating lobes, aperture spacings could be reduced, but in a finite lattice 
of apertures the spacing criterion depends on the number of apertures. For a 
radome, the spacing criterion may depend on the curvature. 
This paper describes an experimental study of the effects of curvature on the 
performance of dielectric-coated, perforated metallic radomes. Initially, flat 
structures were fabricated, and their complex-value transmittances were measured. 
* C.C. Chen, Digest IEEE/G-AP Symposium 1971, p. 153 (IEEE Cat. No. 71C 39ap) 
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The results agreed well with those computed by Chen. Both square and hexagonal 
lattices were considered. 
To test curvature in one plane, a hemi-cylindrical radome was fabricated. 
The lattice was square with columns of apertures parallel to the axes of the cone 
and rows on diameters. Transmittance was measured with a small probe antenna 
moved in the radome-bounded region with a very-nearly plane wave incident out-
side. The results were compared with those for the flat structure before it was 
formed into the cylinder. We first defined an incidence angle for each probe 
position by considering the ray through the probe. When the probe was at the 
center of the cylinder the incidence angle was zero. As the probe neared the 
cylinder, the incidence angles increased to approximately 67°. For low incidence 
angles, less than 50° to 55°, the probing measurements agreed with the flat sheet 
data. However, for high incidence angles the discrepancies were as much a 1 dB. 
Measurements with a large antenna would have averaged these variations over the 
aperture. The discrepancies also would not be observed with an antenna that was 
large but only 3/4 the size of the cylinder. The measurements can be interpreted 
as showning a defect in a design theory that uses a single ray and that treats the 
radome as locally flat. However, the measurements do not necessarily imply that 
flat sheet theory is inadequate because a prediction based on a surface integration 
may be accurate. In either case, the data to show that curvature is a factor. 
The transmittance of the panel with the square lattice depended on its orienta-
tion within its plane; therefore a panel with a hexagonal lattice was fabricated. Its 
transmittance was relatively independent of orientation and direction of wave 
polarization. 
Several conical radomes were fabricated with hexagonal lattices of perforations. 
The first was a cone with 30° half angle. it was formed by rolling a flat metallic 
sheet into a cone. The transmittance averaged approximately -1 dB over gimbal 
angles. Minimum values depended on wave polarization relative to the seams; 
-2 dB was obtained when the electric field was parallel to the seams; -1.5 dB was 
obtained for the orthogonal polarization. 
Additional conical radomes were fabricated; these had 20° half angles. These 
radomes were fabricated by first forming a dielectric cone, attaching circular, 
masking tape discs, and spraying with metal paint. A final dielectric layer was 
then added. This procedure gave, uniform radomes. The radomes were fabricated 
with two shapes. One was a truncated cone with length 12.6 in. The other was 
identical except for a hemispherical region at the tip; radius was 1 in. 
Antenna patterns were measured for two horn antennas. One antenna was 
small; its aperture was 1 1/2 in. x 2 in. The other, was larger; its aperture was 
5 in. x 6 in. Frequency was 14.5 GHz. E and H plane patterns of the larger 
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antenna are shown in Figure 1 with and without a conical radome. Figure 2 shows 
patterns for the small antenna. For zero gimbal angle the aperture plane of the 
smaller antenna was 1 7/8 in. forward of the radome base; the larger antenna was 
7/8 in. forward. 
Figure 1 shows that a conical, perforated metallic radome can give high trans-
mittance and little sidelobe level increase. Figure 2 shows, on comparison with 
Figure 1, that the results depend on antenna size. 
Power transmittance was measured with the smaller (1 1/2 in. x 2 in.) aperture 
while the radome was gimballed. Figure 3 shows the transmittance of the conical, 
20° half-angle radome. The minimum transmittance for horizontal polarization is 
1/4 dB higher than the value for vertical polarization. The transmittance of the 
radome with the rounded tip is shown in Figure 4. The minimum value was in-
creased to -1.8 dB by adding dielectric tape to the rounded portion. Here we have 
another effect of curvature. It may be possible to further increase transmittance 
by further modifying the dielectric on the tip; however, a change in the lattice 
pattern may be necessary. One reason for the relatively low transmittance of the 
rounded-tip radome is a phase error caused by incidence angle variations. The 
added dielectric reduces this phase error. 
The field near a conical radome was probed to explain the source of the trans-
mittance minima. Equal intensity contours were plotted. The data can be inter-
preted as a set of Moire patterns that represent interference between a field radiated 
by the antenna directly through the radome and a second field that has properties 
of a reflected field. The field is being further investigated to determine the mech-
anism; the possibility of a reflected grating lobe is being investigated; so far the 
data discourage this interpretation. Figure 5 shows wavefronts for the field 
scattered by the radome; construction from a Moire diagram. The arrows show 
rays normal to the wavefronts. 
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Figure 1. Patterns of 5 x 6 in. Aperture Horn Antenna With 
and Without Conical 20° Radome 
Go■ IAL ANOLLIOL61 
Figure 2. Patterns of 1.5 x 2 La. Aperture Horn Antenna With 
and Without Conical 20° Radome 
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Figure 5. Wavefronts for the Field Scattered by the Radome; 
Construction from a Moire diagram. The arrows show 
rays normal to the wavefronts. 
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CHARACTERIZATION OF MATERIALS FOR 
HIGH POWER IR LASER WINDOWS 
D. F. Stevison, C. L. Strecker, W. J. Ekman 
Air Force Materials Laboratory, WPAFB 
and 
J. R. Schneider 
University of Dayton Research Institute 
The recent development of high power lasers, especially the electri-
cal and gas dynamic lasers, has created the need for optical components 
which are capable of withstanding high power levels and power densities. 
One of the critical problems is to provide a physical barrier or window, 
transparent to infrared radiation (10.6m), between the laser optical 
components and the environment. These windows must also have good thermal 
and mechanical properties if they are to be reliable under the rigors of 
ordinary handling and use in the field. 
In response to this need, the Air Force Materials Laboratory has been 
working for the past year on a laser window program to develop and charac-
terize candidate materials potentially useful in high power CO2 laser sys-
tems. AFML will also be responsible for scaleup of candidate materials to 
full size windows for incorporation into test systems. The short lead time 
for development and scaleup has restricted the selection of materials to 
those possessing both good optical properties at 10.6vm and a reasonably 
advanced stage of development. These considerations suggested a concentra-
tion on ZnSe and CdTe. Since neither material was clearly superior to the 
other and since no one materials process was clearly more promising, it was 
necessary to undertake simultaneous and parallel approaches on both these 
materials. Samples resulting from the materials processes investigated 
must provide an optimum of low absorption at 10.61am, low scatter, good 
thermal and mechanical properties, durability in the environment, optical 
homogeneity, and potential for large size. As a result of these initial 
efforts, a selection of materials and processes will be made for further 
development and scaleup. 
A means of evaluating sample windows produced from the materials 
development contracts was required in order that the materials and proces-
ses could be properly assessed. The purpose of this experimental evalua-
tion is twofold: to serve as a means of evaluating the effects of changes 
in the materials process parameters on the material properties in order 
that an iterative program of materials optimization can be accomplished, 
and to provide values for material parameters which can be used for engi-
neering design studies. The experimental program discussed consists of 
two distinct efforts: an optical evaluation program, and a program for the 
thermal, electrical, mechanical, and physical characterization of these 
window materials. Both evaluation programs are conducted on a contractual 
basis by the University of Dayton Research Institute at AFML. 
To meet the responsibility of development of laser window materials, 
a number of materials process investigations were undertaken by contractual 
efforts with six independent material fabrication firms. Existing Air 
Force crystal growing laboratories provided input to the materials evalu-
ation efforts. Samples were also procured from manufacturers that have 
existing processes to provide commercially available materials. 
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The six materials development processes which were chosen for investi-
gations into the techniques of growth of the candidate window materials, 
CdTe and ZnSe, are summarized in Table I. In terms of good optical quality 
(8‹.005cm-1 ) and scalability, the chemical vapor deposition (ZnSe), physi-
cal vapor deposition (CdTe, sonic casting (CdTe), and directional solidifi-
cation (CdTe) have shown promise. Although the modified Bridgman process 
has provided CdTe samples with an absorption coefficient less than 
.005 cm-1 , the system in its present configuration is not readily scalable 
to large sizes. The usual mottled appearance together with inclusions 
and/or agglomerates, many of unknown origin, has plagued the hot pressing 
method. The liquid epitaxy growth process has not lended itself to CdTe; 
crystalline CdTe was found to form from the growth substrates, but Te-rich 
solution was entrained beginning at the substrate-layer interface. 
The overriding consideration given to the experimental facility was 
that a system of meaningful, reproducible measurements could be made and 
recorded in such a way that valid comparisons could be made with specimens 
studied during the evolution of the material's development efforts. 
Because of this primary mission, no innovative or unusual techniques were 
selected for implementation. The attempt has been to do straightforward, 
careful measurements. 
In order to systematically handle the large number of samples involved 
in the optical evaluation program, it is essential that the samples be 
identified and carefully logged in. Physical characteristics such as size, 
material, and geometrical data, as well as information supplied by the 
manufacturer are entered into a sample log book that is kept for each sam-
ple. A series of surface and near IR transmission photographs are used to 
aid identification. A conventional photometric IR scan from 2 to 50 pm is 
taken to provide an initial assessment of the optical transmission quality 
near the 10.6 pm region of interest. 
Calorimetry is a sensitive method of measuring low absorption coeffi-
cients, especially when the source is a laser,. While it could take a vari-
ety of forms, the method utilizes the determination of the heat due to the 
power absorbed from the beam that passes through the sample. In the adia-
batic calorimeter technique used in this laboratory, the thermal rise of 
the sample resulting from absorbed laser power is determined. The sample 
is mounted by insulating pins in a vacuum chamber in approximate thermal 
isolation. A thermocouple is attached to the sample to record its temper-
ature rise. 
Experimentally, the power absorbed in the sample is determined from 
temperature rise AT byPabs '111c(AT/At) where m is the mass of the sample, 
c is the specific heat of the sample, and At is the time during which the 
sample is absorbing energy from the beam. The attenuation of radiation 
passing through matter follows the law, P z = Po exp(-8Z) which for small 
absorption coefficient becomes = Pabs/ZPo. Radiation impinging on an 
uncoated window sample undergoes multiple reflections off the surfaces of 
the window, and with the coherent radiation may involve interference ef-
fects. Summing the effects of multiplereflection, P o can be related to 
the transmitted power through the reflection and transmission coefficients 
of the surfaces (and thus the refractive index). Consequently, for the 
experimental arrangement of the adiabatic calorimeter, the absorption 
coefficient can be expressed in terms of measurable parameters as 
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The data from this calorimetric absorption coefficient experiment 
consists of the graphical record of temperature as a function of time 
before, during, and following the passage of the beam through the test 
samples together with the determination of the transmitted power. The 
remaining parameters are obtained from other measurements. Figure I shows 
a typical experimental record. By controlling the incident laser power, 
the temperature rise during irradiation is permitted to increase only about 
1 degree above the ambient temperature. This has provided reliable data 
that require minimal corrections for heat loss. Calorimetric data is 
reproducible to within a few percent and the absorption coefficient is 
evaluated to be accurate to within 10 or 20 percent. 
In order to examine the variations in absorptance across the surface 
of samples of window material, an experimental apparatus to measure small 
changes of absorptance and a mechanism for transporting the samples within 
the beam to form a raster scan, has been employed. The measurement of 
absorptance is done by the use of a dual-frequency, dual-beam ratiometric 
system. Figure II shows the apparatus in block form. The source is a 
3 watt stable CO2 laser and a single pyroelectric detector is used. The 
beam is modulated near the laser at approximately 100 Hz. A 13 Hz mirror 
chopper is used as a beam splitter and gives rise to the low frequency 
signal observed when the attenuation in the sample path increases over 
that in the reference path. The instrument can be calibrated to read 
absorptance directly. Source and detector variations are eliminated by 
taking the ratio of the low frequency signal to the high frequency signal 
using a ratiometric lock-in amplifier. 
A quantitative determination of dn/dT is obtained from multiple 
internal reflection interference. Knowing the thermal expansion coeffi-
cient, the variation in transmitted intensity permits a calculation of 
dn/dT by monitoring the transmitted power as the sample temperature is 
changed. The change of fringe order, for a given temperature change is 
recorded. This test requires samples with optically flat and parallel 
faces. 
Additional optical properties tests are also performed. Interfer-
ometers operating at CO2 and He-Ne wavelengths using all reflecting optics 
and utilizing a reflection diffraction grating as a beam splitter are used 
for observation of variations in optical path homogeneity. Apparatus for 
both differential scattering cross section measurements and for total 
scattering is available. An experimental device was also designed to pro-
vide input data for thermal lensing investigations. In this test a NaC1 
beam splitter permits a small fraction of an intense laser beam to be 
brought to a focus by an off-axis paraboloid mirror. The image intensity 
is examined by moving an apertured detector through the focus along the 
optic axis. The experiment is performed with and then without a window 
material sample in the high intensity beam. The material thermal lensing 
can be related to the measured change in focal position when the sample 
is inserted. 
To provide for the measurement of the thermal, mechanical, and elec-
trical parameters, a contractual program was arranged which is designed to 
provide standard measurements. In addition to generating engineering data, 
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emphasis has also been placed on obtaining meaningful feedback of infor-
mation to the materials process development. The more pertinent param-
eters measured are thermal diffusivity, specific heat, thermal expansion, 
and flexural strength. Scanning electron and electron microprobe analysis 
is employed for material homogeneity and structural defect analysis. Elec-
trical resistivity and Hall mobility are measured as a function of temper-
ature. 
Thermal diffusivity is measured from room temperature to 200 °C by the 
flash technique. A ruby laser is used as a pulsed energy source and the 
backface temperature response of the sample is sensed by a thermocouple. 
The thermocouple output is then displayed as a function of time on a stor-
age oscilliscope which is photographed for a permanent record of the tem-
perature-time history. This technique, when used at temperatures below 
1000 °C, provides a measure of thermal diffusivity accurate to within t5%. 
An isothermal drop calorimeter is used for measurements of specific 
heat in the temperature range of -40 °C to +200 °C. This is a relatively 
standard procedure in which a sample is equilibrated at a specified tem-
perature and then transferred to a receiver at a different temperature. 
A measurement of the heat content of the sample is then obtained as a 
function of the corresponding temperature change of the receiver as it 
comes into thermal equilibrium with the sample. With reasonable care this 
method can provide specific heat measurements with an accuracy of t10%. 
Four-point flexure tests are undertaken to obtain strength data of 
the sample materials. The fixture incorporates the basic design features 
recommended by the NATO Advisory Group for Aerospace Research and Develop-
ment and is designed to minimize error arising from misalignment, friction 
effects, specimen twist and taper, and contact point wedging. 
Some of the parameters of interest for CdTe and ZnSe are listed in 
Tables II and III, respectively. The measured parameters are listed by 
materials process since the materials properties are quite often related 
to the method by which it was produced. The numbers are typical results 
and are not necessarily attainable in every process run. 
Significant progress has been made in the quality of these semi-
conductor materials as a result of the AFML Laser Window Program. At the 
start of this program CdTe was available in small sizes only, but now 
there are several sources of good optical quality CdTe in much larger 
sizes with absorption coefficients an order of magnitude lower. Similarly, 
polycrystalline ZnSe has shown dramatic improvement. The absorption coef-
ficient is nearly two orders of magnitude lower and the flexural strength 
is nearly doubled in currently produced large samples. These materials 
have yielded somewhat to the attempts to optimize their optical and physi-
cal properties by controlled adjustment of the materials fabrication pro-
cesses. The improved technology resulting from this program is expected 
to benefit many other IR research and development programs. 
Obviously the program we describe represents the efforts of many 
scientists and technicians both in government laboratories and at a variety 
of firms under contract to the Air Force. We wish to acknowledge however, 
John Detrio, Paul Greason, John Wurst and G. Edward Kuhl for their distinc-
tive activities in the evaluation programs and in the assimilation of in-
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Rain Erosion of Infrared Transmitting Materials 
G. Hoff & H. Rieger, Dornier System GmbH 
1. Introduction 
Infrared domes at airplanes or missiles belong to the components of 
these aircrafts which are mostly exposed to rain erosion. The increased 
frequency of rain erosion damages at such infrared domes is essentially 
conditioned by two factors: Firstly the exposed position of these in-
frared domes at the airplane or missile and secondly the relatively 
bad erosion resistance of the infrared transmitting window materials. 
With regard to their application, different demands are made on these 
infrared transmitting window materials. The most important demands are: 
sufficient optical transmittance in wave length range up to abt. 5 i um, 
good thermo-shock behaviour as well as good resistance against rail .' 
erosion, hail erosion and sand erosion. 
The present paper deals exclusively with the investigation of rain 
erosion behaviour of infrared transmitting materials. In this connection 
not only the material loss but, for the first time, also the change of 
the optical transmittance as a function of various erosion parameters 
have been investigated. 
The performed tests can be subdivided into two groups: 
1. material tests to determine the influence of the material on rain 
erosion and 
2. parameter investigations to demonstrate the dependence of rain erosion 
on test parameters, such as velocity or drop size. 
2. Test Facility to Perform Erosion Tests up to M =  1.4 
Fig. 1 shows a schematic picture of the test facility to perform rain 
erosion tests up to M = 1.4. It is a rotating arm operating at normal 
pressure which obtains a maximum velocity of 1.4 Mach. The specimen is 
fixed at the outer end of the arm. Rain is produced by injecting drops 
from oscillating nozzles at eight different points of the circular path. 
The following test parameters can definitely be varied: velocity, drop 
size, angle of impact and, within certain limits, also temperature. 
3. Test Results 
3.1 Measurements of Weight Loss. The erosion process is normally investi-
gated by determining the weight loss as a function of the exposure time 
to rain. Fig. 2 represents the erosion curves for various infrared 
transmitting materials at a velocity of 400 m/sec, for drops of 1.2 mm 
diameter. The weight loss is plotted as ordinate and the exposure time 
as abscissa in logarithmic scale. The curves of this diagram show the 
different erosion resistance of the single infrared transmitting 
materials. Of all materials tested in this case, pure quartz glass has 
the lowest and sapphire the highest rain erosion resistance. For in-
stance, the tested quartz glass is used as infrared window in the F 104, 
the Starfighter of the German Airforce, where it is subject to very 
strong rain erosion so that on the average two infrared windows at one 
airplane per year have to be exchanged. This special erosion problem 
could be solved by using sapphire as infrared material which could 
easily be realized with the existing window size. It would even be 
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economic when considering that sapphire has a higher rain erosion resis-
tance than the aluminium alloy with which the airplane has been construc-
ted, and that the costs for one sapphire window are only abt. four times 
as much as for the quartz window. 
In the direction of decreasing rain erosion resistance sapphire is 
followed by specially sintered magnesium oxide, yttrium oxide, silicon 
and a number of calcium aluminate glasses. It can be seen that the rain 
erosion resistance of all calcium aluminate glasses which can partly 
also be used as infrared window materials, is distinctly inferior to 
that of silicon. The infrared dome of the sidewinder consists mostly of 
silicon. 
There is no strict correlation between the erosion test parameters and 
the mechanical characteristic values for the infrared transmitting 
materials. Fig. 3 shows, however, the tendency that rain erosion resis- 
tance of infrared transmitting materials increases with rising micro-
hardness. The incubation time has been plotted against microhardness as 
a measure for rain erosion resistance. 
Fig. 4 shows that rain erosion depends not only on microhardness but 
also on internal stress. The erosion curves of an annealed and an un-
annealed sapphire are represented in this figure. It can distinctly be 
seen that erosion resistance of sapphire can be increased by an approp-
riate thermal treatment. Reducing the internal stress during annealing 
causes an improvement of the erosion stability. Corresponding improve-
ments of erosion resistance due to thermal treatments have also been 
observed with other infrared transmitting glasses. 
With sapphire, the erosion behaviour depends moreover on crystal orien-
tation. Fig. 5 shows two erosion curves of two differently orientated 
single crystals. This proves that sapphire crystals the c-axis of which 
is parallel to the surface show a remarkably higher erosion resistance 
than sapphire crystals the c-axis of which is perpendicular to the sur-
face. 
3.2 Investigation on Light Transmittance. The test results shown up to now 
give an idea of the weight loss during rain erosion. With window 
materials, weight loss is less interesting than the change of optical 
properties due to rain erosion. For this reason, the change of light 
transmittance as a function of exposure time in the rain has been deter-
mined parallel to the measurements of weight loss. 
Measurement of light transmittance was mainly performed in the visible 
region by applying a photometer of a microscope. Supplementary investi-
gations have been made by a spectral photometer in the infrared region 
up to 5 /u. Fig. 6 to 9 show distinctly the high reduction of light trans-
mittance with increasing exposure time to rain. 
These investigations show the result which is important for the appli-
cation of infrared transmitting window materials that there is a strong 
decrease of light transmittance already within the incubation region of 
the weight loss curves. At the end of the incubation period, the light 
transmittance is usually only abt. 10 to 20 % of the initial value with 
most of the infrared transmitting materials tested. The shape of the 
curves shows that the decrease of light transmittance is decisive at 
the beginning of the exposure to rain, while there is only little 
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damage as soon as the incubation period is exceeded. 
The behaviour of sapphire represents a certain exception. Fig. 9 shows 
that, compared with other tested infrared transmitting materials, 
sapphire has a considerably lower decrease of transmittance. At the end 
of incubation period, sapphire transmittance values represent still 75% 
of the initial value. The strongly inhomogenous erosion is the reason 
for this divergent behaviour. Fig. 10 shows the comparison of an eroded 
sapphire specimen and an eroded quartz glass specimen. While the quartz 
glass surface erodes regularly, erosion of sapphire occurs only on 
single points. The influence of the different kind of erosion on the op-
tical properties of these both materials is also shown by the legibili-
ty of the letters under both specimen. 
At this point it may be added that corresponding investigations conduc-
ted in the infrared spectral region furnished practically the same re-
sults. Small quantitative differences occur only at the beginning of 
erosion. In the infrared region, the decrease of transmittance is a 
little lower than in the visible spectral region. 
3.3 Dependence of Rain Erosion  of Infrared Transmitting Materials on 
Different Test Parameters. Material destruction due to rain erosion de- 
pends, on a large scale, on flight velocity and strength of the rain. 
The dependence of rain erosion of infrared transmitting materials on 
drop diameter and specimen velocity is indicated as example for para-
metric investigations as follows: 
Fig. 11 and 12 are examples for the influence of drop size on the de-
struction of quartz glass and silicon. The weight loss for different 
drop diameters is plotted against the water column of impacting water 
in these figures. Would there be no drop size effect on the rain erosion, 
the erosion curves measured for different drop sizes would coincide 
with this kind of representation. Fig. 11 and 12 show that there is a 
considerable dependence of drop size on rain erosion. The present in-
vestigations show that highest erosion occurs with drops of 0.9 mm 
diameter, and lowest erosion with drops of 1.2 mm diameter. At this 
point, it cannot be commented on the reasons for this behaviour in de-
tail. They have already been discussed in an earlier paper [1]. 
From all test parameters, velocity has the strongest effect on rain 
erosion. Fig. 13 serves for demonstration of velocity dependence of 
rain erosion. This figurE shows the erosion curves of quartz glass 
measured at different velocities, the extraordinary increase of erosion 
with rising velocity is distinctly to be seen. 
Fig. 14 gives an idea of the velocity dependence of rain erosion of 
various infrared transmitting materials. Incubation time has there been 
plotted double logarithmically against the velocity for various materi-
als. This kind of representation shows that in the velocity region bet- 
ween 300 m/sec and 450 m/sec the curves resulting therefrom can very 
well be approximated by a straight line with a few exceptions. This 
means that the velocity dependence of incubation time can be represen-
ted by an exponential function of the type 
a — tK = 
v  
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The coefficients n for the various infrared transmitting materials are 
summarized in table 1; they range between n = 3.7 and n = 7.0. 
Table 1 
calcium 
material Si02 Ge aluminate MgF 2 Si Y203 Mg0 Al203 
n 	3,7 	6 	6 	5 	5,7 6,1 	5,0 	7,0 
It has to be mentioned that due to lacking test results of sapphire, the 
velocity dependence of incubation time of sintered Al20 3 has been indi-
cated in fig. 14. 
The results of these parameter investigations show that, for infrared 
transmitting window materials, it is extremely necessary to detect the 
velocity dependence of rain erosion up to the region of operation 
velocities of modern aircrafts and missiles. 
3.4 Test Facility to Perform Rain Erosion Tests uR to 1000 m/sec.  The steady 
increase of velocity of aircrafts and guided missiles as well as the 
critical demands for low level flight and all-weather usefulness require 
urgently a quantitative measurement of rain erosion test parameters of 
the various material qualities up to a velocity of M = 3. 
Up to now complete rain erosion data are available only up to a veloci-
ty of M = 1.4. Therefore, in 1969 Dornier System had been ordered by the 
Ministry of Defence of the Federal Republic of Germany with the develop-
ment and construction of a rain erosion test stand for velocities up to 
1000 m/sec. For this test stand the successful principle of the rotating 
arm had been conserved. To solve the problems of high driving power, 
sound generation and heat transmission from the test stand, this stand 
had been designed for a test range of 1 to 30 Torr. 
A double arm rotor of 240 cm diameter designed as so-called arm of same 
strength runs in a vacuum container of 320 cm diameter. The cylindrical 
specimen of 16.8 mm diameter to be tested are fixed at the end of the 
arm. Drive is made by an electro-motor of 80 kW with a speed stability 
of 1 0 /00. 
Rain is produced by injection nozzles. Drop size, rain density and ex-
posure time to rain can be varied regardless of each other in a large 
range. The water vapor being produced by spraying is freezed in an ice 
condenser. 
The M = 3 test stand is so designed that specimen size and arm diameter 
are identical with the rain erosion test stand for M = 1.4 in operation 
at Dornier System since 1960. 
It is therefore possible to get a quantitative connection of rain erosion 
test parameters measured in vacuum with thosemeasured at normal pressure 
in a velocity range of M = 1 to M = 1.4. 
p] H. Rieger, Investigation of the influence of various test parameters on 
material destruction at drop impact. 
Proc. 3rd Int. Conf. Rain Erosion and Associated Phenomena 
1970, Ed. A.A. Fyall and R.B. King, RAE, England 
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Fig. 6 Light Transmittance 
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Fig. 9 Light Transmittance 
and Weight Loss as 
a Function of Ex-
posure Time for 
Sapphire 
Fig. 10 Destruction Picture of 
Sapphire (left) 
and Quartz Glass (right) 
Test Conditions:  
Sapphire:  
velocity 	v = 400 m/sec 
drop diem. d = 1.2 mm 
water volume L_ 	1.2.10-5 
concentration 
exposure time t = 15 min 
Quartz Glass:  
v = 400 m/sec 
d = 1.2 mm 
c9,m= 1.5.10-- 
 t= 8 sec 
Fig. 13 Influence of Velocity 
on Rain Erosion 
of Quartz Glass 
    
Fig. 14 Dependence of Incu-
bation Time on 
Velocity for Various 
Infrared Transmit-
ting Materials 
Fig. 11 Influence of Drop 
Size on Rain Erosion 
of Quartz Glass 
Fig. 12 Influence of Drop 
Size on Rain Erosion 
of Silicon 
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THIN SKIN RADOME HARDENED BY VENTING 
W D Delany 
Admiralty Surface Weapons Establishment, Portsmouth 
United Kingdom 
ABSTRACT 
A single skin circularly symmetrical radome has been developed which 
has an increased resistance to air blast damage. Several features have 
been incorporated in the design, the main one of which has been to vent 
the radome from the underside during the air blast positive phase in 
order to reduce the differential pressure to zero as rapidly as possible. 
Experiments have been carried out in an air blast simulator on 4 ft 6 in 
and 6 ft diameter models at various overpressures. Some results are 
given as photographs of tests on vented and unvented radomes of the 
damage sustained at various overpressures. Graphs show pressure V time 
at a number of points inside the radome. A 16 mm film taken with a 
camera at 1000 frames/second shows sequences of these tests, viewed from 
the direction of the blast, and also from the side. 
INTRODUCTION 
Circularly symmetrical radomes of spherical or bell-jar shape are 
generally very susceptible to air blast, as they are difficult to 
reinforce internally if an all round field of view is required. The 
purpose of most radomes is to provide an environment which is proof 
against the natural elements for the operational use and maintenance of 
the antenna, the mechanical strength of the antenna being usually such 
that much higher overpressures can be withstood. If this were not so it 
would not in most cases be difficult to increase the mechanical strength 
of the antenna at least to sustain static overpressure if not dynamic 
pressure. In Naval ships the items susceptible to air blast are radomes, 
and the problem of increasing their strength without paying a high price 
in terms of loss of electrical performance has recently been studied. A 
GRP single thin skin structure was chosen for the basic work, as if 
damaged it is not susceptible to water absorption, and is readily repair-
able. The results could possibly also be applied generally, for instance 
to alternative forms of construction such as sandwich layer. 
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EFFECTS OF AIR BLAST 
The three main effects of air blast on a redone, which behaves as a 
diffraction type structure, are: 
a. Reflected pressure The blast wave in striking the surface 
faoing ground zero crushes or fractures the skin, causing the drag 
coefficient of the entire structure to be unpredictably increased, 
making it susceptible to: 
b. Dynamic pressure ie the air particle movement following the 
blast wave. The destructive effect on the front surface depends 
mainly on the time of duration, is the total energy of the blast 
source. High tensile loading on the lower front face just above 
the flange occurs as a result of the overturning moment on the 
structure as a whole. 
c. Static overpressure. The pressure which applies uniformly over 
the entire surface during the positive phase and has a crushing 
effect on the radame as a whole. 
DESIGN OF RADOME 
Figure 1 shows the main features of the design and Figure 2 is a 
photograph of the radaae. The main features are: 
a. Shape The near cylindrical shape of the redone as compared 
with a frustum of a sphere ensures that the stresses in the lower 
regions of the skin, due to the bending moment on the structure as 
a whole, are carried in simple tension, for which GRP is most 
suited. Also, this shape enables filament winding to be used as 
the manufacturing prooess, by which the glass content can be raised 
to 80% (ie optimum) for hoop/longitudinal winding, and 65% for 
helical winding. 
b. Thickened skin at base This reduces stress concentrations 
still further in this highly critical area, which is subject to 
shear loading due to the reflected pressure, in addition to the 
tensile loading due to the bending moment. 
a. Clamying rings are used instead of an integral flange. The 
stresses are carried by compressed rubber pads acting in shear to 
internal and external metal rings. There is thus no complication in 
manufacture of the radar°, and its strength is fully maintained; 
stress concentrations are also avoided by this method of attachment. 
d. Annular Deflector This forms the pedestal on which the radar 
antenna is mounted. It is enclosed in an open framework supporting 
the radome, which may be covered externally by a low strength 
fabric, or by internally-opening flexible doors, or by louvred 
shutters. The internal environment is protected at all times by 
this arrangement until the arrival of the air blast front. 
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RESULTS 
Tests to date have been carried out in the air blast simulator at 
Atomic Weapons Research Establishment, UK, on radames of 4 ft 6 in 
diameter and 6 ft diameter, for the purpose of determining: 
a. The changing pressure distribution over the external and 
internal surfaces, and various points inside the structure during 
the air blast positive phase. For these tests a thick walled 
moulding was specially made that would not be damaged at the high 
test overpressures. Pressure transducers in the experiment were 
disposed as shown in Figure 3. The results of these measurements 
are in Figure 4. 
b. Ditto, but with an open top (ie a frustum of a cone only). 
c. Target response of thin walled radame with vent closed all 
round. 
d. Comparison of response of radames with open vent, made with 
various combinations of glass filament winding, including hoop, 
longitudinal, and 45 ° helical. 
e. Ditto, comparing rigid epoxy and flexible epoxy laminates. 
For tests c, d, e, photographic recordings were made by cin6-cameras 
at 1000 frames/second, one placed on the blast side, and one at sid2 
elevation to the target. In general, tests were started at 4 lb/in2 
 overpressure level, and repeated at increasing intervals of i lb/in 
until moderate damage or destruction occurred. The sequence of photo-
graphs Figures 5 and 6 show typical deflections of the front surface 
for unvented and vented conditions during the positive phase at 7 lb/in2 
overpressure. 
CONCLUSIONS 
a. The best filament winding combination was found to be hoop/ 
longitudinal/hoop in equal thicknesses. Helical winding was found 
to be very uneven for a thin wall moulding, and local weaknesses 
resulted in failure at lower values of overpressure. It also 
resulted in the laminate having a lower glass content. 
b. Unvented radames failed at 4. lb/in2 overpressure: similarly 2 
 constructed unvented radomes withstood overpressures up to 7 lb/in .
(3. The degree of damage sustained up to 9 lb/in2 would probably 
allow operational use of the radar antenna, although its environment 
would not be protected. 
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d. Flexible resin mouldings suffered approximately 2the same damage 
as equivalent rigid resin soundings at about 8 lb/in overpressure, 
but they deflected more, and the antenna would be at higher risk. 
The surface crazed more generally, rather then locally, as for the 
rigid resin mouldings. 
e. Pressure inside the redone equalised with the reflected 
pressure within 10 millisecs of the blast wave striking the radome. 
f. After the first 10 millisecs, the internal pressure was 
sensibly equal to the external overpressure. 
g. Panels in the upper surface of the radome designed to blow off, 
or to be rupturable, would cause failure of the entire radome by 
increased drag. 
h. The design feature of gradually thickening the wall near the 
base is completely successful. No failures occurred in this region 
in any tests. 
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REACTION SINTERED SILICON NITRIDE 
AS A HYPERSONIC RADOME MATERIAL 
By 
J. D. Walton, Jr. 
Engineering Experiment Station 
Georgia Institute of Technology 
I. INTRODUCTION 
Silicon nitride has been the object of intensive study and develop-
ment during the past decade. Primary attention has been given to developing 
this material for high temperature structural applications such as gas 
reactor heat exchangers, high temperature bearings, leading edges, and gas 
turbine components 1/. Although there has been intermittent interest in 
reaction sintered silicon nitride as a possible radome material 2/, it 
generally has been considered that the electrical properties are not 
adequate for this application 3/. 
Although the dielectric properties were questionable, the Engineering 
Experiment Station became interested in reaction sintered silicon nitride 
as a potential radome material since it should have adequate thermal shock 
resistance to survive Mach 6-7 flight and have superior rain erosion 
resistance to slip-cast fused silica. However, the problem remained of 
determining whether or not reaction sintered silicon nitride could be pro-
duced with adequate high temperature dielectric properties. After a search 
for the needed high temperature dielectric property data proved unsuccessful, 
the decision was made to prepare samples of reaction sintered silicon 
nitride under carefully controlled conditions and to determine the dielec-
tric constant and loss tangent of this material as a function of temperature. 
II. MATERIAL PREPARATION 
Reaction sintered silicon nitride was prepared from nominally 98 per 
cent pure -200 mesh silicon powder with a maximum iron content of one 
per cent. This material was dry milled in one gallon ceramic ball mills 
for 96 hours and was suitable for isostatic pressing or slip casting without 
the need of lubricants, binders or suspending agents. Slip casting was 
accomplished using a 70 per cent solids suspension of silicon powder in water. 
The preformed silicon part was sintered in a mullite tube which was 
evacuated and back-filled with dry nitrogen which was allowed to flow con-
tinuously as the tube was heated to 2350 ° F for 50 hours and then to 2650 ° F 
for 10 hours. 
The density of the final product depended upon the method of fabri-
cation. Isostatic pressing at 30,000 psi provided a density of 2.50 gm/cc, 
and slip casting gave 2.35 gm/cc. By gelling the slip it was possible to 
achieve a density of 2.14 gm/cc. 
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III. REQUIREMENTS FOR HYPERSONIC RADOMES 
The criteria used at the Engineering Experiment Station for selection 
of a hypersonic radome material, in order of decreasing importance, are: 
(1) dielectric properties, (2) thermal shock resistance, (3) rain erosion 
resistance, (4) fabricability, (5) weight, and (6) economics. The following 
sections will consider the first four items with respect to current data 
related to the capabilities and limitations of reaction sintered silicon 
nitride for hypersonic radome applications. Table I presents pertinent 
thermal, mechanical and electrical property data for eight ceramic 
radome materials 4/. 
1. Dielectric Properties 
Figure 1 shows dielectric constant versus per cent pores for 
dielectric constants of 4, 7 and 10 at zero per cent pores. These data 





where e is the dielectric constant of the 100 per cent dense material 
and P i
o
s the volume fraction of pores. Also shown in Figure 1 are the 
dielectric constants for reaction sintered silicon nitride with 21, 26 
and 33 per cent pores (2.5, 2.35, and 2.14 gm/cc) prepared as described in 
Section II. These data were obtained at 9.8 GHz using the short circuit 
waveguide technique 5/. The Admirality Materials Laboratory data were 
furnished by Godfrey and are for 2.45 gm/cc material prepared by the 
flame spray process 6/. 
Figures 2 and 3 show dielectric constant and loss tangent as a function 
of temperature for the dielectric materials listed in Table I. Data are 
also shown for reaction sintered silicon nitride with densities of 2.50 
and 2.35 gm/cc prepared by Georgia Tech and 2.45 gm/cc prepared by the 
Admirality Materials Laboratory. 
Dielectric property data up to and above the decomposition temperature 
(3400 ° F) are required in order to establish the flight velocity limit for 
hypersonic applications. Such data will be obtained using the high tem-
perature dielectric facility developed at Georgia Tech 7/. 
2. Thermal Shock Resistance 
Figure 4 shows the maximum temperature, above ambient, to which 
each material in Table I can be heated and survive the associated thermal 
shock (ah). In this figure (a) is the wall thickness and (h) is the heat 
transfer coefficient. Also shown are recovery temperatures which would 
result from a sea level flight of a 15 degree half angle cone at three 
different Mach numbers. The h values used are those occurring at a point 
5 inches from the tip. 
3. Rain Erosion Resistance 
Essentially no quantitative rain erosion data exist for well 
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characterized reaction sintered silicon nitride. Fyall states that "A 
specimen 0.25 inches thick, tested at 500 miles/h in 1 in/h rain showed 
moderate to severe erosion, depending on the surface being ground or 
unground respectively, in 360•480 minutes. While obviously inferior to 
high quality aluminas, these characteristics place the material somewhat 
on a par with the nucleated glass ceramic, Pyroceram 9606" 8/. Godfrey 
reports that the normal component of velocity to cause damage simulating 
rain impact for flame sprayed silicon nitride is 2500 ft/sec 6/. 
It should be pointed out that the radome shape, as related to impact 
angle, can be designed to reduce the rain erosion damage to any material. 
Therefore, if a sufficiently small cone angle is used for the forward por-
tion of the radome, and if a protective tip is employed, many materials 
including slip-cast fused silica and boron nitride can survive encounter 
with rain at hypersonic velocities. However, intrinsic rain erosion resis-
tance of the material used will determine the maximum allowable impact angle 
and therefore the maneuverability of the vehicle in rain. 
4. Fabricability 
Reaction sintering should provide the most practical and economical 
process for fabricating silicon nitride radomes. Because oE the porosity 
which accompanies this process reaction sintering provides a 
material with a lower dielectric constant than that obtained by hot pressing. 
Although porosity presents certain problems such as reduced strength 
and moisture absorption, these problems are not considered serious. For 
example, sealing with organic sealants has proven successful in the case of 
slip-cast fused silica (about 12 per cent pores). The strength of reaction 
sintered silicon nitride at 20 per cent porosity appears more than adequate 
for radome applications. 
For ease of machining the compacted silicon powder radome may be 
partially sintered at about 1900 ° F, removed from the furnace, and machined 
using conventional metal working techniques. The machined radome is then 
returned to the furnace for completion of the nitridation cycle. The dimen- 
sional change from the compacted silicon powder body to the hard-fired reaction 
sintered state is less than 1 per cent 9/. 
IV. CONCLUSIONS 
1. The dielectric constant and loss tangent of reaction sintered 
silicon nitride suggest that this material should be suitable 
for high temperature radome applications to temperatures at 
least as high as 2000 ° F. 
2. The thermal shock resistance of reaction sintered silicon 
nitride should be adequate for radome flight velocities as 
high as Mach 6 and perhaps to Mach 7. 
3. Although rain erosion data are incomplete, it is estimated that 
reaction sintered silicon nitride should be equivalent to 
Pyroceram Code 9606 with respect to threshold damage velocity. 
At higher velocities it is possible that reaction sintered silicon 
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nitride might exceed that of dense ceramics since its porous 
structure should permit incremental erosion rather than 
gross material failure. 
4. The reaction sintering process provides an excellent means 
of fabricating silicon nitride radomes. Slip casting, iso-
static pressing or injection molding should each be capable 
of producing satisfactory radomes. 
5. Because of the excellent dimensional tolerance that can be 
obtained through the reaction sintering process, and the ease 
with which partially nitrided silicon nitride can be machined, 
the economics of producing radomes from this material should 
be as good or better than any other ceramic radome material. 
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SELECTED PROPERTIES OF CANDIDATE CERAMIC RADOME MATERIALS 
Single Oxides Mixed Oxides Nitrides 
High Slip-Cast 
Cordierite 





Purity Fused Pyroceram Rayceram Hot Reaction 
Alumina Beryllia Silica Code 9606 III Pressed IPBN Sintered 





> 99 99.8 unknown unknown 98-99 99.9 unknown 
Density (gm/cm
3
) 3.7-3.9 2.85-2.95 2.1 2.6 2.45 1.9-2.0 1.25 2.5 





0 0 1.5 0 0 0-3 0 20 
Flexural Strength 45 35 6.5 20
* 
18 17 14 2 5 
(103 psi) 
Young's Modulus 52 50 8.7 17.2 17 13 1.75 
(106 psi) 
Thermal Conductivity 18 120 0.5 2.16 r 	2 11 16 6 
(Btu/ft-hr- ° F) 
Coefficient of 4.6 4.6 0.3 3.2 1,45 3.1 2.1 1.4 
Thermal Expansion 
(10 -6 in/in° F) 
Specific heat 
(cal/gm- ° C) 
0.27 0.26 0.18 0.18 0.19 0.33 0.29 0.2 
Poisson's ratio 0.28 0.34 0.15 0.24 0.27 unknown 0.23 0.25 
Dielectric constant 
at 8-10 GHz 
9.5 6.6 3.3 5.65 4.8 4.1 3.2 5.6 
Loss Tangent 
at 8-10 GHz x 10 3 
0.1 0.5 0.4 0.2 2.0 0.1 0.2 2.0 
* 	 ** 
Abraded surface, 	Hydration. 
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Figure 1. Dielectric Constant vs Volume Per Cent Pores 
for Dielectric Constant. Values of LI, 7 and 
10 at Zero Per Cent Pcrosity.  . 
Figure 2. Dielectric Constant vs Temperature for the 
Dielectric iiiaterials Shown. in Table T. 
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ah (BTU/FR-HA- 5n 
Figure 3. Loss Tangent on Temperature for the tight 
Dielectric Materials Shown in Table I. 
Figure LI . Recovery Temperature vs Heat Transfer Nut, 
for Ceramic Radoire Materials. 
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End-Oriented, Fiber--Reinforced Plastics Composites 
as Rain Erosion Resistant Radome Materials 
by 
Boyce G. Kimmel, Hughes Aircraft Company, Culver City, California 
Maxwell Stander, Naval Air Systems Command, Washington, D.C. 
Rain erosion tests performed for the U.S. Navy by the University 
of Cincinnati* have demonstrated clearly the marked superiority in rain 
erosion resistance of plastics composites utilizing end-oriented rein-
forcing fibers instead of the conventional glass fabric reinforcements. 
Such materials would find wide application in the fabrication of radomes 
and leading edge structures for high performance aircraft. 
An end-oriented composite is one in which the reinforcing fibers 
are oriented perpendicular to a designated surface. Glass-epoxy 
composites with this end-oriented construction when exposed to simulated 
rain at subsonic velocities, have been observed to erode relatively 
slowly and uniformly. Surface recession for such composites seems to 
occur by the erosion of matrix from between fibers and the shearing of 
fibers left protruding above the surrounding matrix (Figures 1 and 2). A 
far less frequently occurring type of erosion at near-sonic velocities 
involves deep pitting in widely separated areas with no indication that 
the location of these pits corresponds to imperfections in the composite 
structure prior to testing (Figure 3). 
End-oriented, fiber-reinforced plastics composites are being 
evaluated as rain erosion resistant materials by Hughes Aircraft Company 
under the sponsorship of the Naval Air Systems Command. This evaluation 
includes studies of the effect on the rain erosion resistance, as 
determined by whirling arm tests, of such variables as matrix, rein-
forcement, reinforcement configuration, and fiber loading. Most of the 
effort to date has involved the evaluation of unidirectionally rein-
forced, end-oriented composites. However, highly directional composites 
with a large fraction of end-oriented fibers fabricated from three-
dimensional fabrics and directional fabrics and tapes have also been 
evaluated. 
All of the rain erosion tests were run in the whirling arm facility 
operated by Dornier System GmbH, Friedrichshafen, West Germany. 
Dornier's apparatus consists essentially of a rotor driven by a 
powerful electric motor. The rotor is contained inside a chamber which 
may be partically evacuated as required for high -testing speeds. A 
water injection system is used to form water droplets of the desired 
size and quantity. The specimen holder can be adjusted to allow impact 
angles ranging from 15 ° to 90 ° . 
The specimens consist of circular discs 0.660 inch in diameter by 
0.200 inch maximum thickness. The specimen is secured to a specimen 
holder at the end of the rotor by means of a retaining ring. During 
the test, one face of the specimen is subjected to simulated rain 
erosion under controlled test conditions. All of the materials evaluated 
to date in this program were tested under the following conditions: 
• Test velocity - from 300 to 466 meters/second (nominally Mach 
0.9  to Mach 1.5) 
*Progress Report, Dept. of Mechanical Engineering, University of 
Cincinnati, "Testing of Rain Erosion Resistance" Sept. 19, 1968. 
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• Droplet diameter - 1.2 mm 
• Impact angle - 30 ° to 90 ° 
• Rain density - 1.2 x 10 -5 (equivalent to a rainfall rate of 
7.5 inches per hour) 
Prior to testing, the weight and thickness of each specimen are 
measured and recorded. The responses measured for a given exposure time 
are weight loss and erosion depth. However, many specimens erode in a 
manner to make measurement of erosion depth meaningless. In addition, 
the specimens are examined visually and by means of a scanning electron 
microscope for extent and nature of damage due to erosion. In most 
cases, repeated weight loss measurements of the same specimen are not 
made for various exposure times. Usually, the erosion resulting from a 
single arbitrary exposure time is used to compare the relative rain 
erosion resistance of the various composites tested. 
Matrices evaluated in combination with end-oriented glass or Nomex 
fibers include rigid epoxies, flexibilized epoxies, polyurethanes, a 
polyimide, a polybutadiene and a polyphenylene oxide. Reinforcements 
evaluated include E glass, S glass, quartz, Nomex, Dacron, PRD-49 in the 
form of rovings or yarn. Reinforcement configurations evaluated include, 
in addition to unidirectional, end-oriented fibers, those obtained by 
machining composites fabricated from three-dimensional fabrics and highly 
directional tapes and fabrics. 
The rain erosion test results obtained thus far indicate the 
following: 
• End-oriented composites are substantially more rain erosion 
resistant than the corresponding fabric-reinforced composites 
• Polymeric fibers such as Nomex and Dacron are superior to 
glass fibers 
• Flexibilized matrices such as flexibilized epoxies and 
polyurethanes are superior to rigid epoxy matrices 
▪ High fiber loadings increase rain erosion resistance, this 
effect being more pronounced in the case of glass fibers, 
less pronounced for Nomex fibers 
• Three-dimensionally reinforced composites with a high degree 
of end-orientation are inferior to pure, unidirectional end-
oriented composites, although 3-D polymeric fiber constructions 
are sufficiently rain erosion resistant to merit further 
evaluation 
The following tables summarize the principal rain erosion test 
results obtained to date. Table 1 shows the increased rain erosion 
resistance of the unidirectionally-reinforced, end-oriented construction 
compared with that of the fabric-reinforced composite and various 3-D 
composites. 
Table 1. Effect of Reinforcement and Reinforcement Configuration 
on Relative Rain Erosion Resistance (Matrix: Epon 828/MPDA; 













181 E glass fabric, not 51.2 0 622* Deep 
end-oriented 411** Deep 
E glass roving, end-
oriented 
73.9 0 13 Light 
143 E glass, end-oriented 51.3 1.2 657 Deep 
7575 E glass, end-
oriented 
53.2 0 624 Deep 
3-D E glass, angle inter-
lock 
59.7 0 416 Deep 
3-D Nylon 6/6, angle 
interlock 
66.0 0 145 Moderate 
S glass Omniweave (GE) 42.3 3.3 896 Extreme 
Nomex Omniweave (GE) 53.8 13.5 63 Moderate 
* Tested on machined surface. 
** Tested on molded surface. 
Table 2 compares the rain erosion resistance of end-oriented compos-
ites reinforced with several types of fiber. The composites reinforced 
with the polymeric fibers are clearly more rain erosion resistant than 
those reinforced with E glass. Composites reinforced with polymeric 
fibers do not undergo spallation as do composites reinforced with glass 
fibers (Figure 4 shows a typical Nomex-reinforced composite after rain 
erosion testing). High fiber loadings appear to be necessary to achieve 
rain erosion resistance with E glass fibers. However, a relatively wide 
range in fiber loadings is permissible for the Nomex fibers. Quartz 
fibers are far inferior to glass fibers. 
Table 2. Effect of Reinforcement and Fiber Content on 







Oriented Composites (Matrix: Epon 828/MPDA) 
Void 	 Exposure 	Average 
Content, Velocity, 	Time, Weight 	Degree of 
Percent 	meters/sec sec 	Loss, mg Erosion 
Nomex 78.6 3.6 333 30 1.6 Slight 
yarn 333 60 1.0 
64.0 2.4 333 30 0.4 Very slight 
no spall-
ation 
333 60 4.4 Slight 
52.4 2.0 333 30 4.1 Slight 
333 60 9.1 Slight 
51.5 0 333 30 8.0 Slight 
Dacron 75.3 0 300 30 0.9 Very slight 
yarn 300 60 2.0 Very slight 
PRD-49 65.6 0.6 333 30 20 Moderate 
ECG glass 50.0 0 333 30 94 Deep 
roving 56.9 0 333 30 263 Extreme 
65.5 1.1 333 30 98 Deep 
69.8 0.1 333 30 222 Deep 
73.9 0 333 30 13 Light 
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Table 2 (continued) 













Quartz 	71.8 2.1 333 30 1206 Extreme 
roving 333 15 354 
Table 3 compares the rain erosion resistance of glass fiber-rein-
forced, end-oriented composites containing various matrices. The results 
show clearly the improved erosion resistance obtained by the use of an 
epoxy-polyamide formulation or a polyurethane. Figures 5 and 6 shed some 
light on the difference in behavior of composites containing, respective-
ly, a rigid and flexibilized matrix. The polyphenylene oxide and 
polyimide tested exhibited very poor erosion resistance. 
	
Table 3. 	Relative Rain Erosion Resistance of Unidirectional, 
End-Oriented Composites with Various Matrices (ECG 
or SCG Roving) 
Fiber 	Void 	 Exposure Average 
Content, Content, 	Velocity, 	Time, 	Weight 	Degree of 
Matrix-Roving 	Vol-% 	Percent 	meters/sec sec Loss, mg 	Erosion 
Epon 828/MPDA- 73.9 0 333 30 13 	Light 
ECG 
Epon 828/HV- 74.3 0 333 30 72 Deep 
SCG 
Epon 825/ 77.7 0.8 333 30 4.5 Light 




59.7 0 333 30 6 Slight 
P13N-ECG 
(polyimide) 
66.9 0.5 333 30 523 Deep 
Epon 828/Hycar/ 
piperidine-ECG 
75.3 0 333 30 84 Deep 
PPO 534-801-ECG 74.2 
(polyphenylene 
oxide) 
5.8 333 30 (destroyed) 
FCR 1261-ECG 
(polybutadiene) 
77.3 0.4 333 30 522 Extreme 
The feasibility of fabricating radome structures containing end-
oriented, fibrous reinforcements is being studied. Efforts to date 
include the winding of highly directional glass and Nomex tapes on a 
small conical mandrel. Two methods were used: winding with pre-
impregnated tape and dry winding followed by vacuum-pressure impregnation 
of the wound material on the mandrel. The latter method was highly 
successful and based on the limited effort thus far, it can be predicted 
that radome structures with end-oriented reinforcements are achievable 
by a tape wrapping technique. 
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Figure 1. End-Oriented Composite 
	





Figure 3. Glass Fiber-Reinforced, 	 Figure 4. Nomex Fiber-Reinforced, 




Figure 5. End-Oriented Composite 	 Figure 6. End-Oriented Composite 






STUDIES OF DISCRETE WATER DROP IMPACT 
IN CERAMIC MATERIALS 
BY 
JOHN L. LANKFORD 
ROBERT A. LEVERANCE 
NAVAL ORDNANCE LABORATORY 
SILVER SPRING, MARYLAND 
INTRODUCTION  
The problem of high-velocity water-impact damage has been under 
investigation for many years. As long ago as 1877, articles appeared 
in Proceedings of the Royal Society in England, discussing damage to 
low-pressure blades in steam turbines by water droplets in the wet steam. 
Early investigations were carried out with water jet and wheel 
apparatus, cavitation "generators," and other means of providing damage 
environments. 
In recent years the problem has taken on additional importance, 
because as flight speeds of missiles and aircraft increase, the damage 
to electronic windows, leading edges and nose cone heat shields has 
become severe. The requirement for all-weather capability in tactical 
aircraft and missiles dictates the need for solution of the problem of 
rain damage in critical components. 
At very low impact velocities where the material is treated as a 
nondeforming solid and the fluid is treated as incompressible, results 
have been predicted successfully. 
Progress has also been made at very high velocities where the 
material can be evaluated by hydrodynamic methods, and relations between 
impacting energy and certain material properties can be made to correlate 
with material loss in some cases. 
In the velocity range representing impacts from high subsonic 
velocities to about 3000 feet per second, however, the material cannot 
be considered as a fluid, nor can its deformation and interaction with 
the impacting drop be neglected or generally predicted. In this region, 
the need for controlled experimental data is particularly critical. 
The Naval Ordnance Systems Coiiimand (ORD 035) has supported a joint 
effort at NOL and the High Temperature Materials Division at Georgia 
Institute of Technology to evaluate the effect of water drop impact in 
this critical range of velocities. Preliminary work has been completed 
on several control materials and on some characterized forms of slip-
cast fused silica (SCFS) (ref. (1)). 
The program results included in this paper are limited to normal 
impacts on disc-shaped specimens 1/2 inch in diameter and 1/2 inch thick. 
These were held in polyethylene sabots and fired into controlled water 
drop patterns. Details of the technique and the apparatus for 1.2 Lin 
drops will be found in ref. (1). Impact was monitored photographically, 
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and specimen and sabot were nondestructively captured after impact. A 
schematic of the apparatus for normal impact at atmospheric pressure is 
shown in Figure 1. 
The 1.2 uun drops were highly spherical before encounter with the 
shock wave, and distortions of the drop were predicted as well as 
observed. This evaluation is discussed in some detail in ref. (1). 
Two phases of distortion and impact are indicated in the photographs of 
Figure 2. 
The 2 mm drops were more difficult to control, and, initially, some 
of the drops were nonspherical. Distortion through the shock was less 
for this drop size, however, and no measurable effect on damage was 
observed due to the variation in original drop shape. 
Effort is continuing on stabilization and definition of drop 
condition at impact with 2 LIIII1 and larger drop sizes. 
The use of other techniques for introduction of the drop (ref. (2)) 
can be substituted if necessary. Very well-controlled and definitive 
experiments of discrete impact have been carried out on many materials 
by A. A. Fyall, et al, of RAE (ref. (2)). That work has been limited in 
velocity for several reasons, and catching damage in some materials had 
begun to appear at upper velocities with that technique. 
The technique presented here was developed to obtain information 
through a closely spaced range of velocities from subsonic up to 
approximately 3000 feet per second, in order to supply much-needed 
experimental data on several materials in that velocity range. 
Preliminary effort was directed toward establishing the effect of 
discrete impact under controlled conditions of drop size and velocity 
with the object of defining and presenting damage "thresholds" or 
characteristic damage patterns if such were found to exist. Preliminary 
work indicated that distinct patterns did exist and that, initially, 
these patterns and thresholds could be semi-quantitatively evaluated by 
simple low-magnification photographs and by observation of the material 
after impact with several lighting techniques. An example of this type 
of damage classification is shown in Figure 3 for untreated SCFS impacted 
by 1.2 mm drops. More exact definition of the quantitative damage is 
being conducted during the present phase of the program, as indicated in 
Figure 4. This work on detailed measurement of damage areas by several 
techniques will not be included in this paper, but should provide data 
for quantitative analysis and evaluation when completed. 
UNTREATED SCFS  
Typical preliminary results for untreated SCFS are presented in 
Figures 3 and 5. This material was developed and characterized by 
Georgia Institute of Technology, ref. (1). Three distinct thresholds 
were apparent. Early damage appeared as very small pits appearing at 
random locations within the impact area. This damage characteristic 
appeared to be somewhat dependent upon smoothness of original surface 
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and variation in individual specimens (see Fig. 4). The general data 
were well ordered and consistent, however, when consideration of experi-
mental scatter and repeatability were taken into account. The results 
can be summarized by a plot like Figure 5. Here the damage charac-
teristics or regimes have been indicated as influenced by velocity and 
drop size, while the thresholds as influenced by individual specimens and 
experimental scatter have been shown as bands between areas of different 
damage characteristics. The trends indicated in Figure 5 were repeated 
for several series of specimens and included samples from three lots of 
material. The total number of specimens fired at each condition are not 
sufficient for meaningful statistical evaluation, and additional firings 
would be desirable. The data repeat well enough within the limits shown 
in Figure 5 to be considered significant and representative. In one or 
two cases at each drop size, a ringed crater formation did appear at 
lower velocities than indicated on Figure 5. The infrequency of this 
result and the fact that it was not repeated when additional shots were 
made under the same conditions led to the preliminary conclusion that a 
particularly weak spot in the material was the reason for such inconsist-
ency. 
Preliminary results with the 1.2 him drop size in untreated SCFS 
indicated no visible damage below approximately 1300 feet per second 
while some pitting always appeared above 1500 feet per second. As 
velocity was increased with the 1.2 mm drops, pitting became heavier and 
more general over the impact area. Above approximately 2100 feet per 
second definite craters appeared over the extent of the impact area 	lmm 
in diameter). The floors of these craters were irregular or generally 
flat in contour. With the exceptions noted, above approximately 2600 feet 
per second the craters always showed a ringed depression around their 
periphery with a hump or raised section in the center. The general nature 
of these damage characteristics is indicated in Figures 3, 4, and 5. 
The preliminary results with 2 mm drops were similar to those for the 
smaller drops in that the same sequence and type of damage patterns 
appeared. A definite effect of drop size is apparent, however, since all 
thresholds appeared at lower velocities with the larger drops. This 
supports results from several experiments, indicating that damage increases 
with drop diameter at a given velocity beyond the simple increase in 
impact area. 
More thorough and detailed quantitative measurements in the damage 
areas should provide valuable data for correlation and analysis. The 
visual damage thresholds and characteristics defined by preliminary 
results already indicate that data of the type indicated in Figure 5 
should precede and complement erosion testing and evaluation of brittle 
materials in the velocity range covered by this investigation. Variations 
in velocity and nonuniformity in simulated rain fields could exceed 
thresholds in ceramic materials and cause failure or damage by discrete 
impact that cannot be readily understood or explained in terms of "average" 
or mean erosion rate. The need for experimental data on discrete impact 
under controlled conditions is also apparent even for some materials that 
will also be studied in an erosion or fatigue environment. 
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RESULTS WITH OTHER MATERIALS 
Space does not permit presentation of results with other impacting 
and specimen materials. Preliminary work with lead spheres in several 
materials is reported in ref. (1). 
Results with plastic spheres, lead spheres, and water encapsulated 
in wax have indicated that although some similarity in impact with 
materials other than water can be observed, satisfactory correlation 
between impact with solids and liquids in this velocity range has not 
been accomplished. 
Preliminary results with treated SCFS indicate that damage thres-
holds are significantly influenced by treating the material (see Fig. 6). 
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EFFECTS OF SIMULATED ICING ON RADOME AND ANTENNA RADIATION PATTERNS 
R. W. Wesley 	 P. G. Accardi 
Missile Systems Division 	 Los Angeles Division 
North American Rockwell Corporation 
INTRODUCTION AND SUMMARY 
The objective in this test program was to gather quantitative data 
regarding the degradation to the antenna radiation pattern when ice accumu-
lates on an aircraft radome. The type of ice and the geometry of the accu-
mulation are determined by the meteorological conditions, the speed and 
altitude of the aircraft, and the radome shape. 
The program tested only one ice formation (simulated with wax) on a 
streamlined radome with a constrained lens antenna designed and fabricated 
by the Missile Systems Division for the Air Force Avionics Laboratory. Use 
of the antenna for this program was authorized by R. A. Ireland, Project 
Engineer, at WPAFB. The tests run consisted of antenna principal plane 
patterns, boresight shift, and one-way power transmission. The data were 
taken for the "clean" radome and for the "iced" radome, the former sup-
plying the reference data. 
With the ice accumulation, peak side lobes increased more than 10 
decibels (db), maximum boresight error increased from approximately 3 
milliradians to as much as 18 milliradians for in-plane error and in-
creased from approximately 3 milliradians to as much as 14 milliradians 
for cross-talk error. Average one-way power transmission decreased from 
approximately 89 percent to 61 percent. 
Because the impact of antenna performance degradation on total system 
performance is a function of overall system requirements, effort in this 
test program was oriented toward antenna performance only. The impact of 
the measured degradation on a total system would have to be determined 
for the specific system being considered. 
TEST DESCRIPTION AND RESULTS 
The antenna used in the test program is a low side lobe, high-gain, 
dual-plane monopulse space-fed transmission lens consisting of an array 
of slots coupled to a true time-delay collimating circuit. It is an X- 
band, linearly polarized (vertical for these tests) antenna with an approx-
imately 30-inch aperture diameter, a gain of about 34 db, and a beam width 
of slightly over 3 degrees. The side lobes are less than -30 db in free 
space. For the tests, the antenna was mechanically scanned on an 
elevation-over-azimuth gimbal which was attached to the radome holding 
fixture (figure 1). 
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The radome used is a solid, constant-thickness half-wave wall 
fabricated with Selectron 5003 resin and fiberglass laminates. The radome 
is 86 inches long and has a 39-inch base diameter. For the tests, the 
radome was mounted on a hinged ring on the holding fixture. The holding 
fixture was attached to an azimuth-over-elevation antenna pattern positioner 
used for positioning and scanning the radome. The hinged ring allowed the 
radome to be swung open (to approximately 165 degrees) to check the free-
space antenna pattern when required. 
The ice configuration selected for simulation in these tests repre-
sents the accumulation which would occur in a 30-minute prelanding loiter 3 
 between sea level and 22,000 feet in moderate icing conditions (0.5 gram/m 
water content at 15° F). The configuration is shown in figures 2 and 3. 
The average thickness was approximately five-eighths inch; the tip was 
approximately 5 inches long and equally large in diameter. The ice was 
simulated with a methyl hydroxystearate wax (Paracin 1, Baker Castor Oil 
Company), which has a melting point of approximately 125 ° F and a dielec-
tric constant of approximately 2.8 at X-band. The dielectric constant of 
ice at X-band and 10 ° F is given as 3.17 in Dielectric Materials and Appli-
cations, by von Hippel, and is estimated to be approximately 3.3 at 15 ° F. 
Loss tangents were not compared. The Paracin was selected because, of the 
readily available materials, its dielectric constant was the closest to 
that of ice, and it could be easily formed to the geometry of the ice accu-
mulation and easily applied to and removed from the radome. The wax was 
melted to a molasses-like viscosity and applied to the nose of the radome 
in the approximate thickness and geometry being simulated. 
The tests reported in this paper were run at a frequency of 9,400 MHz, 
and consisted of recording principal plane sum and difference patterns, 
boresight error, and one-way power transmission for both the clean and the 
iced radome. Table I is a summary of information from the test data for 
comparison of the clean and iced radome performances. Boresight error and 
power transmission data were measured at discrete antenna scan angles as 
shown. 
Typical results of the tests are shown in figures 4, 5, and 6. Figures 
4 and 5 are the H-plane and E-plane sum patterns, respectively, at 0-degrees 
elevation and 0-degrees azimuth, showing both the clean and iced radome 
data. These data plots have been smoothed for clarity of reproduction. 
Figure 6 is a comparison of the clean and iced radome data for in-plane 
and cross-talk boresight error and one-way power transmission for an 
azimuth scan at 0-degrees elevation. 
Figures 4 and 5 show that severe side lobe degradation can occur with 
ice accumulation. Main lobe distortion was not measured. The unsymmetri-
cal distortion of the E-plane pattern in figure 5 is probably due to the 
unsymmetrical application of wax on the radome (figure 3) which was unin-
tentional and not discovered until the wax was removed. A small additional 
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E-plane asymmetry was the location of the antenna axis approximately 1.5 
inches below the radome axis. The sum patterns at 5- and 10-degree antenna 
scan angles show similar but less severe distortion. In the monopulse dif-
ference patterns, null depth changes due to the simulated ice accumulation 
were also observed. 
The data in figure 6 show that there was little boresight error 
introduced by the clean radome. The maximum measured was approximately 3 
milliradians. The iced radome, however, resulted in significant boresight 
errors for both the in-plane and cross-talk components. The large magni-
tude of the cross-talk component of the error is probably due to the 
unsymmetrical wax application. As the antenna was scanned to -5 and -10 
degrees elevation, the peaks of the in-plane error decreased as would be 
expected, while the cross-talk peak remained at approximately the same 
level. This latter phenomenon is probably due to the combination of the 
effect of the unsymmetrical wax and the normal increase in peak level 
expected with the elevation offset of the antenna. 
Also shown in figure 6 is the one-way power transmission data taken 
during the test program. The reference data (clean radome) were taken 
for one side only, but due to radome symmetry, the transmission through 
both sides was assumed to be similar. The data show that extremely high 
losses were experienced looking through the heavy wax concentration. 
It has been shown in another study that much of the loss in this situation 
appears as increased side lobe levels. Another significant portion is 
absorbed in the constrained lens from mismatch at the radome interface. 
CONCLUSIONS 
This test program showed that ice accumulation on the radome can 
produce significant perturbations on the performance of a very low side 
lobe (<-30 db), high-gain antenna operating within a high performance 
radome (89 percent average transmission). One-way power transmission, 
boresight shift, and side lobe level were all significantly degraded by 
the simulated ice. 
It should be noted that the results presented in this paper apply to a 
single configuration of ice accumulation. As the ice thickness increases 
during accumulation, the effects on antenna performance will vary, passing 
through maxima and minima with increasing electrical thickness. Addition-
ally, a variety of types and geometries of accumulation can occur under 
various meteorological conditions, resulting in a variation in the magnitude 
of the effect on antenna performance. It is therefore suggested that, to 
determine the significance of the effect of ice accumulation on total radar 
system performance, tests should be conducted with simulations of a variety 
of ice types and geometries. 
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TABLE I. RADOME TEST DATA SUMMARY 
Test Data "Clean" "Iced" 
Sum 
Patterns 
H-plane peak side lobe level (db) 
' 
0 ° azimuth, 	0°elevation 26 16 
0 	-5 27 - 	22 
0 -10 29 29 
5 	 0 24 20 
10 0 28 19 
E-plane peak side lobe level (db) 
0 °azimuth 	0° elevation 29 24 
0 	-5 29 18 
0 -10 29 26 
5 	 0 29 18 
10 0 27 25 
Difference 
patterns 
H-plane null depth (db) 
20 25 eazimuth, 	eelevation 
0 	-5 22 23 
0 -10 22 22 
5 	 0 26 25 
10 0 23 31 
E-plane null depth (db) 
0 ° azimuth, 	0° elevation 28 24 
0 	-5 30 15 
0 -10 27 26 
5 	 0 26 25 
10 0 26 26 
Boresight 
error 
In-plane peak (milliradians) 
C
r) 18 0° elevation, azimuth scan 
-5 12 
-10 10 








0° elevation, azimuth scan 11 
-5 14 
-10 13 
One-way power Minimum (percent) 88 36 
transmission Average (percent) 89 61 
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Figure 1. Positioning Fixture (Showing Antenna Gimbals) 
Figure 3. Cross Section of Simulated Ice Near Radom Thi 
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Figure 5. E - Plane Radiation Pattern 
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Figure 4. H-Plane Radiation Pattern 
Figure 2. Test 'Radom With Simulated Ice 
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Figure 6. Boresight Error and Power Transmission at 0-Degrees Elevation 
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MICROWAVE HEATING OF RADOMES 
KENNETH D. HILL AND JOHN D. KELLY 
THE BOEING COMPANY 
I.0 INTRODUCTION 
A major tactor influencing the choice of dielectric materials 
for the radome design is the maximum service temperature which 
is determined by aerodynamic heating in advanced airplane 
radomes. Recently, an additional source of major heating to 
radomes has emerged caused by their exposure to high-power 
microwaves. This source of heating stems from the microwave 
power dissipated within the radome. 
This paper outlines the development of an analytical model to 
predict the temperatures inside the radome due to microwave 
heating. The parameters required for the solution of this 
problem and the method of calculating and utilizing these 
values are discussed. Temperature predictions made by com-
puterized programs developed by The Boeing Company are shown 
for various solid-wall and multi-layered radome designs. The 
temperature sensitivity of radome designs to microwave power 
density, frequency, dielectric properties, and the environment 
are shown. 
2.0 ANALYTICAL MODEL FOR RADOME TEMPERATURE PREDICTION  
The calculation of the temperatures resulting from microwave 
heating require that the following be completely described at 
all points or surfaces of the radome: electromagnetic field, 
power absorption, external heat source and thermal response. 
The description of the electromagnetic field throughout the 
radome requires a physical description of the radome and of 
the incident electromagnetic fields. Based on this informa-
tion, internal electromagnetic fields can be described. The 
electromagnetic power absorption at all points throughout the 
radome is readily calculated from the internal field descrip-
tion and the dielectric properties of the materials. 
The external heat sources to the radome require a relatively 
simple analytical expression for cases of a well defined en-
vironment, such as one of constant temperature. The problem 
of defining aerodynamic heating is more complex; however, this 
problem has been worked at Boeing, and the results are adapted 
for this problem. The description of the thermal response for 
a radome design requires a knowledge of the physical properties 
of the radome materials. This description must include the 
thermal conduction, convection, and radiation properties of 
each material being considered. 
The above steps are combined in a computer program which 
determines the temperature throughout the radome, given the 
heat sources and a thermal response description of the radome. 
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2.1 Description of Electromagnetic Fields Throughout the 
Radome 
The approach for this initial study is based on a simplified 
radome geometry, consisting of an infinite, flat-sheet, lay-
ered radome. The radiation description includes frequency, 
power density, incident angle, and polarization. The inci-
dent radiation for simplicity is assumed to be an uniform, 
plane wave. 
The dielectric materials comprising each of the layers in a 
radome design have permittivity properties that are a function 
of temperature. For honeycomb-type materials, these proper-
ties are based upon an "equivalent" homogeneous sheet. The 
"equivalent" characteristics are determined from dielectric 
measurements of the materials. 
The calculation of the electromagnetic fields within each lay-
er of the radome is made by transmission line analysis. As-
suming a layered radome geometry consisting of n layers, 
transmission line analysis is employed to establish the elec-
tric field expressions for the forward traveling and backward 
traveling waves in a given layer. 
2.2 Description of the Electromagnetic Power Absorption 
The power loss at all points throughout the radome is calcul-
ated based upon the expressions for the forward and the back-
ward traveling waves in each layer of the radome. The point-
power-loss in terms of the incident power density (PD) is: 
Pp = Trf(e)Z(PD)tan6 
The power loss per unit area in the xy plane for an incre-
mental thickness (z2-z 1 ) in the "i layer", P v is given by: 
1 	 2 	 2 Pv = Real of * 1 1-Eii 6aizi 2n1 
1- + * 2j IMAG(C.)z.1 	
= z2 
-2j IMAG1 E. E. E 	 1 11/ 
1 1 z = Z1 
where ni 	Ei 	and Ei are the electric fields of 
the traveling waves in the "i layer",cqis the attenuation 
factor, z1 and z2 are the positions of depth in the radome and 
P ,e are the relative permeability and permittivity, respec- 
tively. Ci is given by: 	
j 	
2 it 21 es) xo i 
2.3 Aerodynamic Heating Environment 
A computer program developed at Boeing for the prediction of 
the radome aerodynamic heating environment calculates the 
convective and shock-layer radiation heating rates. 
2.4 Radome Thermal Network Description 
The required thermal network description of the radome must 
include data on the thermal conduction, convection, and 
radiation properties of the radome materials. The Boeing 
Company has a computer program (BETA) capable of balancing 
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the thermal energy dissipated by a system through conduction, 
convection, and radiation with the heat sources present. This 
program is sufficiently general to solve most heat flow 
problems. 
2.5 Radome Temperature Prediction Using BETA 
The Boeing Radome Temperature Distribution Computer Program 
(RADT) is the tool used for the prediction of the temperature 
distribution of a radome due to the absorption of microwave 
power. 
This program is based on a transmission line treatment of a 
flat-sheet,layered radome that defines the radome's electro-
magnetic field and, subsequently, the power absorbed at all 
points within the radome. The program makes use of the BETA 
for the prediction of the radome temperature distribution, 
treating the microwave absorbed power as heat source terms in 
the nodal network described to the thermal analyzer. The 
BETA system provides a thermal analysis with options of tran-
sient or of steady-state heat flows. Physical and electrical 
properties that vary with temperature, time and/or distance 
can be included. 
3.0 APPLICATION TO RADOME DESIGN  
The Radome Temperature Distribution computer program was em-
ployed for temperature predictions assuming infinite flat-
sheet radomes and normally incident, uniform, plane-wave ra-
diation. Studies were made of several typical radome wall 
designs and the effects of power density, frequency, dielec-
tric properties, and aerodynamic heating. 
3.1 Temperature Effects of Various Radome Designs 
Temperature predictions were made for a solid wall and for A-
and C-sandwich radome designs with 70°F static air on the 
exterior radome surfaces. The dielectric materials used were 
epoxy, E-glass skins, and HRP for the sandwich cores dielec-
tric properties are shown in Figures 1 and 2). The frequencies 
assumed are in the 14 to 16 GHz region. For the C-sandwich 
the 0.520 inch core is toward the incident side. 
Figure 3 shows the calculated temperature distributions for 
the A solid-wall and the A- and C-sandwich radome designs, for 
a power density of 10 watts/inch 2 , as a function of depth with-
in the radome wall, with 0 being the incident surface. The 
trend of the data shows that the highest temperatures occur 
for the thicker radome designs. 
3.2 Temperature Dependence on Frequency 
Temperature dependence on frequency was investigated for fre-
quencies of 9GHz and 14GHz using the C-sandwich of Figure 3. 
An external environment of 70°F was assumed on the incident 
surface and 250°F aerodynamic on the transmission side. 
The predicted maximum temperatures are presented in Figure 4 
for the two frequency cases. These data show that the maximum 
temperatures increase at slightly higher rate than predicted 
by a linear relationship with frequency. 
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3.3 Temperature Dependence on Dielectric Properties 
The power absorbed by a dielectric material is a function of 
the loss-tangent, and the dielectric constant. The tempera-
ture dependence for the C-sandwich for the case of an epoxy-
HRP core and for the case of polyimide-HRH core its shown in 
Figure 5. The data of Figure 5 vividly displays the lesser 
temperatures of the low-Loss polyimide radome compared with 
that of the higher-loss epoxy. 
3.4 Temperature Dependence on Aerodynamic Heating 
Since aerodynamic heating is a significant heat source, one 
can expect its presence to affect both the maximum temperature 
and the temperature distribution in a radome exposed to micro-
wave heating. Two cases were examined, the first is a 70°F 
static air condition on both sides while the second condition 
assumed aerodynamic heating of 250°F on the transmission side. 
The temperatures are given in Figure 6, for a power density of 
20 watts per square inch. It is interesting that the higher 
temperatures occur for the case of 70°F static air compared 
with the 250°F aerodynamic case, for power densities above 15 
watts/sq. inches. This phenomenon is explained by the greater 
convective capability of the aerodynamic airflow as compared 
to static air. The predicted temperature distributions 
through the radome wall indicate that the general shape of the 
two curves are nearly the same. 
3.5 Temperature Dependence on Power Density 
The power absorbed by a given dielectric material is a linear 
function of the incident power density and the square of the 
electric field within a dielectric. The temperature depend-
ence with the incident power density can be determined by 
viewing the temperature data plots in Figure 4, 5 and 6. The 
temperature plots indicate that the dependence is essentially 
linear with the power density. 
CONCLUSION  
Temperature predictions made for typical radome designs ex-
posed to high density microwaves indicate that greater temp-
eratures are encountered with thicker radomes. Multiple sand-
wich designs such as the C-sandwich are likely to present more 
of a problem than are an A-sandwich or X solid wall. 
The resulting temperatures from microwave heating can be great-
ly decreased through the use of low-loss resins, such as the 
polyimides, and low-loss fibers such as quartz. The maximum 
temperatures encountered in radomes are approximately linear 
to the power density and frequency. At high power densities, 
ground environmental conditions can produce higher temperatures 
than those of supersonic flight. 
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MgAl204 
A New Material For Electromagnetic Windows, IR Domes, and Radomes 
by: D. R. Johnson, D. L. Mann, and D. W. Roy 
INTRODUCTION 
Magnesium aluminate spinel possesses an unusual combination of optical, 
dielectric, and physical and mechanical properties that makes it a desir-
able material for optical, IR, and microwave windows and domes. Excellent 
transmission in both the IR and microwave regions makes spinel feasible 
for dual purpose windows. 
Spinel is cubic and optically isotropic; thus, polycrystalline shapes may 
be formed without the problems of poor grain boundary transmission inher-
ent in noncubic materials. In the microwave region the isotropy of spinel 
prevents localized absorption and heating that occurs in noncubic mate-
rials because of differing grain orientation and anisotropic dielectric 
loss index. Spinel undergoes no polymorphic transformations and is thus 
free of problems due to thermally induced phase changes. The physical 
and mechanical properties of spinel are listed in Table I. 
OPTICAL PROPERTIES  
Coors polycrystalline spinel in reasonably thin shapes exhibits excellent 
transparency in the visible and IR to 6pm. Figure 1 shows typical trans-
mission data for sintered and hot-pressed parts. The index of refraction, 
as a function of wavelength, for spinel and other optical materials is 
given in Figure 2. Transparent parts are obviously free of significant 
local fluctations in density that would cause severe scattering of radia-
tion in radomes and microwave windows. 
DIELECTRIC PROPERTIES  
Dielectric data for Coors sintered spinel are given in Table I. The low 
dielectric constant and extremely low dissipation factor of this material 
result in a very low loss index. For purposes of comparison the loss 
index, as a function of frequency, of spinel and other low-loss dielec-
trics are shown in Figure 3. 
THERMAL AND MECHANICAL PROPERTIES  
The choice of materials for radomes, irdomes, and electromagnetic windows 
is limited not only by the optical and dielectric properties of the can-
didate materials, but also by the ability of the materials to withstand 
severe thermo-mechanical environments. Particularily important properties 
include strength, thermal shock resistance, erosion resistance, and tough-
ness. Table II compares the thermal-mechanical properties of spinel and 
some other optical and dielectric materials. 
Resistance to rain erosion is very important to radomes and irdomes. 
Limited data available indicate that spinel has excellent resistance to 
rain erosion. On June 6, 1972, a rain erosion test was conducted at the 
Supported in part by the Air Force Materials Laboratory, Manufacturing 
Technology Division, Wright-Patterson Air Force Base, Ohio, under Contract 
No. F33615-72-C-1133; L. Kopell (AFML/LTP), Project Engineer 
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Naval Weapons Center, China Lake, California. A number of materials were 
simultaneously tested: spinel; sapphire; yttria-alumina garnet; calcium 
and magnesium fluoride-with and without sapphire coatings; magnesium 
oxide; and two glasses-Corning 7913 and 1723. In the accelerated test 
all the specimens failed mechanically - except the spinel. The spinel 
showed virtually no damage, the sapphire and YAG failed via a single-line 
fracture, the others shattered into many pieces. 
Table I. Physical and Mechanical Properties of MgAl 204 
Lattice Parameter (1) 
	
8.0833 A 
Density (1 ) 	 3.584 g/cc 
Melting Point (1) 	 2135 °C 
Coefficient of Lineal Thermal Expansion 
25-200 ° C 	 5.6 x 10
-6
/ ° C 
25-500 ° C 7.3 x 10
-6
/ ° C 
25-1000 ° C 	 7.9 x 10
-6 / ° C 
Thermal Conductivity ( 1 ) 
100 ° C 	 0.0357 cal/(sec)(cm)( °C) 
(1) 	1200
°C 0.0130 cal/(sec)(cm)( °C) 
Specific Heat 
20 °C 
1040 ° C 









0.200 cal/g ° C 







Strength (1)  
106
3 
 Hz 	 3.0 x 10 -5
5 
10 Hz 2.0 x 10 -5 
9.3 x 10
9 
Hz 	 1.3 x 10 
10
3 
Hz 	 2.5 x 10 -4
4 
106 Hz 2.0 x 10 -4 
9.3 x 10
9 
Hz 	 1.0 x 10 
Ultimate Strength in Four-Point Bending 
25 ° C 	 33,400 psi 
1260 ° C 33,000 psi 
Yield Stress in Four-Point Benging at 0.005 in/min. 
25 ° C 
1250 °C 	 11,470 psi 
Ultimate Compressive Strength 
25 °C 	 390,000 psi 
1550 °C 6,220 psi at 5x10
-4  min-1  
Hardness-Knoop 	1300 Kg/mm 2 (200 g load) 
Modulus of Elasticity ( 1 ) 	6 
35 x 10 psi Static 
39.9 x 106 psi Dynamic 
Shear Modulus (1) 	15.89 x 106 psi Dynamic 
Bulk Modulus (1) 27.93 x 106 psi Dynamic 
Poisson's Ratio (1) 0.2608 
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x 106 4-- 
kcal/ (cm) 
(sec)( ° C) 
o( 
°C -1 x 10 -6 
MgAl204 33.4 1300(200g) 35 0.26 0.0357 7.9 	(25-1000 ° C) 
Y2 03 	(2 ) 17. 0 875 25 0.30 0.037 7.9 	(25-900 ° C) 
Al 2 03 ( 9) 41.0 2038(200g) 57 0.22 0.095 8.0 	(25-1000 ° C) 
Al 2 03 (13 ) 80.0 1882(200g) 56 0.22 0.093 8.0 	(25-1000 ° C) 
BeO 	(7) 40.0 980(200g) 51 0.26 0.67 8.9 (25-1000 °C) 
MgF 2 	(4 ) 21.8 576 16.6 0.034 10.7 
MgO (11) 31.5 600 44 0.19 0.091 7.1(25-1000 °C) 
Si02 	(12) 7.2 560(100g) 10.5 0.16 0.003 0.56(25-300 °C) 
Glass 
Glass-( 8 ) 35.0 698(100g) 17.4 0.25 0.008 0.57(20-300 °C) 
Ceramic 
Polycrystalline spinel compared favorably with the other optical and die-
lectric materials. It is exceptionally strong and hard for an optical 
material, has good thermal shock resistance, moderate thermal expansion 
coefficient, and is dimensionally and mechanically stable at temperatures 
up to 1250 °C. The polycrystalline structure results in blunting and re-
directing of cracks at grain boundaries; thus offering greater toughness 
than spinel single crystals. The high strength and hardness of spinel 
makes it feasible to use thinner windows and domes than could be fabri-
cated from lower strength, softer materials. The reduced wall thickness 
results in lower thermal stresses and improved transmission. The homo-
geneity, isotropy, and very low dielectric loss index of Coors optically 
transparent spinel, along with the thermo-mechanical properties, result 
in an exceptionally stable electromagnetic window. 
PRODUCTION  
Coors polycrystalline spinel optics are formed by either sintering or hot-
pressing. Sintering is accomplished by pressing the spinel powder to a 
green density of -657 of theoretical density and then heating to 1800 °C 
to affect consolidation and removal of porosity. In hot-pressing, a 
uniaxial pressure of -10,000 psi is applied to the powder, constrained 
in a punch-and-die set, while it is being heated. Fully dense, trans-
parent parts can be formed at a lower temperature than with sintering: 
1550 ° C. Optics can be fabricated with greater wall thickness by hot-
pressing. Typical microstructures for sintered and hot-pressed parts 
are given in Figure 4 and 5. 
Because of economy, versatility, and larger production capability, sin-
tering is the preferred method of fabrication. At the present time, 
discs, tubes, rods, and domes having good transmission in the optical 
and IR can be sintered with up to 0.080" wall thickness. Other dimen-
sions are limited only by furnace capacities. As improved synthesis and 
fabrication methods are developed, optically clear shapes with thicker 
walls will become available. Wall thicknesses up to V' are envisioned 
for the future. 
Optically clear discs 4" diameter x 3/4" thick are presently being fabri-
cated by hot-pressing. Coors is scaling-up the hot-pressed part size to 
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10" x 10" A." thick under contract to the Air Force.* Scale-up and pro-
cess optimization are scheduled to be completed by February 1973. 
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Figure 2. Index of Refraction vs. Wavelength For Optical 
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Figure 4. Typical Microstructure of Transparent Hot-
Pressed Spinel. Polished and Thermally Etched 
Surface. 
Figure 5. Typical Microstructure of Transparent Sintered 
Spinel. Polished and Thermally Etched Surface. 
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HIGH TEMPERATURE EVALUATION OF RADOMES AND RADOME MATERIALS 
USING THE FRENCH SOLAR FURNACE 
By 
J. D. Walton, Jr. 
Engineering Experiment Station 
Georgia Institute of Technology 
I. INTRODUCTION 
The primary advantage in using a solar furnace for the high tempera-
ture evaluation of materials is that the environment is "clean." That is, 
there are no combustion products or ionized gases in the environment 
surrounding the material being heated. 
Although small parabolic reflectors provide sufficiently high tempera-
tures for a limited study of small specimens, the area of peak heat flux 
and temperature is only a fraction of an inch in diameter. For many high 
temperature experiments it is desirable that the high temperature area be 
many square inches and the temperature over the test area be as uniform as 
possible. These conditions are most important for the determination of 
emittance, heat transfer, thermal conductivity, thermal stress and the 
electrical properties of ceramic materials and for the electrical evaluation 
of full scale radomes at high temperatures. To provide the thermal environ-
ment in which such quantitative data can be obtained, the world's largest 
solar furnace at Odeillo, France is uniquely suited. 
II. THE FRENCH CNRS SOLAR FURNACE 
A. Description 1/ 
The French solar furnace is located in the Pyrenees at Odeillo-
Font Romeu (altitude of 5900 feet) about 20 miles east of Andorra. Figure 1 
is a schematic of this furnace. The parabolic reflector has a focal length 
of 59 feet, is 130 feet high and 175 feet wide and is composed of 9500 
mirrors 17.7 inches by 17.7 inches. Sixty-three smaller mirrors (heliostats) 
set in eight tiers follow the sun and reflect its rays in parallel beams onto 
the parabola. The heliostats are 24.6 feet by 19.7 feet. 
B. Thermal Characteristics 1 , 2/ 
The solar energy incident on an area of about 23,000 square feet 
is concentrated by the parabolic reflector into an area about two feet in 
diameter. The distribution of thermal energy in the focal area of the 
solar furnace is shown in Figure 2. Curve 0 represents the heat flux at 
the focal plane. Curve d/2 shows the heat flux incident on a plane removed 
one-half the diameter of the solar image (about 3.3 inches) behind the focal 
plane. Curve d shows the heat flux incident on a plane removed one diameter 
of the solar image (6.6 inches) behind the focal plane. Figure 3 is an 	2 
 energy contour map and shows the distribution of the heat flux in watts/cm 
at the focal point. 
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C. Suitability for Materials Evaluation 
From Table I and Figures 2 and 3 it can be seen that, in an 
area about 2 inches in diameter at the focal point of the solar furnace 
the temperature of the solar radiation is 68F ± 7 15 ° F and the minimum 
heat flux 	approximately 1350 ± 50 Btu-ft - sec 	for an incident radiation 
of 950 W m . These data show that the Odeillo solar furnace is capable of 
providing a relatively constant high temperature, high heat-flux environ-
ment (±2.5%) over the surface of a circular sample two inches in diameter. 
By moving away from the focal plane the heat flux decreases (Figure 2) and 
the uniformity of heat flux over a given area increases. 
The temperatures and heat fluxes available in the solar furnace 
should be sufficient to melt, vaporize, or decompose most ceramic materials. 
Therefore, this facility provides an environment in which the effect of the 
molten surface, decomposition or vaporization products on the heat transfer, 
emittance and electrical properties can be studied. 
III. PROPOSED MATERIALS EVALUATION PROGRAM 
A. High Temperature Materials Division Program to Measure Dielectric 
Properties at High Temperatures  
In 1970 the Engineering Experiment Station undertook a program 
to develop the apparatus and technique for determining dielectric properties 
of ceramic materials at temperatures to at least 4000 ° F 3/. A free-space 
system was selected for electrical measurements at high temperatures under 
transient heating conditions in order to avoid the deformation and dis-
tortion associated with steady state heating using metallic sample holders. 
The technique developed utilized a system which subjected the dielectric 
sample to heat from one side only, which enabled measurements to be made 
on many materials at temperatures above their melting point. 
B. Preliminary Evaluation of Materials in Odeillo Solar Furnace 
The background and experience gained in the high temperature 
dielectric measurement program suggested that a similar method might be 
used to evaluate materials in the high heat-flux, thermal radiation environ-
ment provided by the solar furnace at Odeillo, France. 
Basically, the proposed program would utilize a 16-inch diameter 
slip-cast fused silica disc which would hold the test specimens, which 
would be 2 inches in diameter. Since slip-cast fused silica has a very 
low thermal conductivity (0.4-0.5 Btu/ft-hr- ° F), and will serve as the 
carrier disc, the edges of the specimens will be insulated and the heat 
flow into them should be one dimensional. 
1. Proposed Test Apparatus. Figure 4 shows the initial design 
considered for the evaluation of materials in the solar furnace. This 
design consists of three major components, two thermal shields and a slip-
cast fused silica sample holder disc with eight test samples. With the 
doors of the solar furnace closed, the apparatus shown in Figure 4 will be 
positioned so that the sample holder disc is in the focal plane of the 
furnace and the first test sample at the focal point of the furnace. 
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Thermal Shield No. 1 is designed to limit the solar radiation to a 
circular area 3 inches in diameter and concentric with the axis of the solar 
radiation. Thermal Shield No. 2 is designed to block the solar radiation 
from the test area during the period of time that the solar furnace doors 
are opened and closed (about 60 seconds for each operation). With Thermal 
Shield No. 1 positioned as shown in Figure 4, the furnace doors will be 
opened. Thermal Shield No. 1 will then be removed to expose the first 
sample to the solar radiation. After the specified exposure time the holder 
disc will be rotated to expose the next sample. This procedure will be 
repeated until all eight samples have been exposed, at which time Thermal 
Shield No. 1 will be replaced in the path of the solar radiation while the 
furnace doors are closed. 
IV. PRELIMINARY TESTS  
Fused silica foam was exposed to the peak heat flux during the period 
of the opening and closing of the furnace doors to simulate Thermal Shield 
No. 1; and for a continuous period of one minute to simulate Thermal 
Shield No. 2. Figure 5 shows a 12-inch by 16-inch piece of foamed fused 
silica after exposure to the peak heat flux of the solar furnace. The hole 
on the right developed during the period of opening and closing the solar 
furnace doors. The left side was exposed to the maximum heat flux for a 
period of one minute. There was evidence of melting or vaporizing of the 
fused silica foam within the first few seconds of exposure and the thickness 
of the foam (1 inch) was penetrated in the first 30 seconds of exposure. 
A slip-cast fused silica disc was exposed to the peak heat flux for 
periods of time up to 60 seconds. Melting commenced after about 30 seconds 
and proceeded to a depth of about one half of an inch at the end of 60 
seconds. The disc and the foam sample were supported in the furnace as 
shown in Figure 6. 
V. CONCLUSIONS 
The results obtained from the preliminary tests conducted in the solar 
furnace at Odeillo, France and the background of the high temperature di-
electric property measurement program suggest the following conclusions: 
1. The focal point of the Odeillo solar furnace provides a uniform 
(± <5/) hip temperature (6840 ± 75 ° F) high heat flux (1350 ± 
50 Btu-ft -sec ) thermal environment over an area at least 2 
inches in diameter. 
2. A.2-inch diameter sample in the focal point of the Odeillo solar 
furnace can be instrumented to obtain quantitative high temperature 
property data such as emittance, radiant heat transfer, thermal 
conductivity, thermal stress and dielectric behavior. 
3. Slip-cast fused silica can be used as a carrier disc for sample 
exposure times of up to 30 seconds at maximum heat flux intensities. 
4. Foamed fused silica is not suitable for thermal shield applications 
requiring direct exposure to maximum heat flux intensities. 
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5. The quantity and distribution of the thermal energy provided 
by the French solar furnace suggests that full scale radomes 
of the order of three feet long and fifteen inches in base 
diameter could be heated to temperatures as high as 3000 ° F and 
electrical performance determined during heating. 
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TABLE I 
CHARACTERIZATION OF THERMAL RADIATION (1) 
AT FOCAL PLANE OF ODEILLO SOLAR FURNACE 




Per Cent of Total Energy in 
Area of Radiation 0.5 4.50 27 58 75 
Energy in Area of Radiation (kW) 5 45 270 580 750 
Meat 	Watts-cm 21 Minimulpg. 











Averal \ Heat 	Watts-cm
2 
1600 1595 - 	1215 820 595 
) Flux 	 Btu-ft-2 s-1 1410 1405 1071 723 524 
Temperature of 	Min. 6915 6765 5945 4755 3885 
Radiation ° F Avg. 6915 6880 6485 5765 5340 
(1)
For incident energy of 950 W m
2 
± 5 per cent. 
(2)
Diameter of solar image. 
(3) Heat flux calculated from water calorimeter and radiometry measurements. 
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HIGH-TEMPERATURE COMPLEX PERMITTIVITY MEASUREMENTS ON 
ANTENNA WINDOW MATERIALS* 
S. H. Bomar, Jr. & H. L. Bassett 
Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 
ABSTRACT 
About three years ago a new technique was developed at Georgia Tech 
for measurement of the complex permittivity of radar window materials at 
high temperatures. The new method extended the temperature range of complex 
permittivity measurements into the 4000 ° to 4500 ° F region. The specimen 
is in the form of a disc which is heated on one side by oxyacetylene flames, 
then passed through the sample arm of a focused microwave bridge; the specimen 
is in continuous rotation so that a portion of the revolution is used for 
heating and the remainder for making microwave and temperature measurements. 
Experimental data are collected in a transient heating situation; the data 
are later processed to determine temperature vs. distance profiles at 
various times during the run, then to determine the dielectric constant and 
loss tangent vs. temperature functions which must have existed to yield 
measured microwave phase shifts and transmission coefficients. 
This paper describes a research program to modify the original measure-
ment system and to obtain complex permittivity vs. temperature data on six 
candidate window materials. The objectives accomplished by the modifications 
were: (1) reduction of sample size to three inches diameter, (2) measurement 
of up to four sample materials in each experimental run, and (3) substantial 
improvement of temperature measurement techniques. Complex permittivity data 
are given for slip-cast fused silica, a quartz fiber composite, hot pressed 
boron nitride, and isotropic pyrolytic boron nitride. 
Both the program for development of techniques and the program to measure 
several materials were sponsored by the U.S. Air Force Weapons Laboratory. 
Section I. Introduction 
Conventional high temperature microwave dielectric constant and loss 
tangent measurements are limited to temperatures tolerated by the mechanical 
stability of the waveguide or metallic cavity walls. Also, some materials 
can sinter during thermal equilibration at high temperatures, so that the 
sample character and dimensions are changed. Problems of this type impose 
a practical limit of about 2500 ° F on microwave cavity dielectric constant 
and loss tangent measurements. 
In 1968 a program was begun to develop a free space system capable of 
making these measurements at temperatures above 2500 ° F. The free space 
geometry was chosen to circumvent the problems of containing the sample, 
and a flame heat source was used in order to achieve temperatures of 4000 ° 
 to 4500° F. For the required measurements to be made on an unbound sample, 
*This work was performed under Contract F29601-70-C-0069 and was admini-
stered by the Air Force Weapons Laboratory at Kirtland Air Force Base; part 
of the funding was furnished toy NASA-Langley Research Center. Lieutenant 
Colonel Walter M. Hart, Jr., Captain David P. Knott and Captain Edward S. 
Bocian served as technical prDject officers. 
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several major experimental problems must be solved. It is necessary to 
isolate the flame from the sample measurement area to avoid interference 
with the electrical measurements, and a microwave geometry must be found 
which allows inclusion of the sample in a bridge in such a way that all 
losses are accounted for. Another important consideration is the fact that 
most electromagnetic window materials will either deform in shape or melt 
if uniformly heated from all sides and allowed to reach temperatures within 
the 3000 ° F to 4000 ° F range. These latter difficulties can be solved by 
heating the sample from only one side and by operating in a transient mode 
rather than reaching thermal equilibrium. Measurements can be made on 
window materials at temperatures far above their melting points, and the 
experimental conditions approach the actual reentry environment conditions. 
The first research program in this area employed samples in the form 
of discs about 18 inches diameter by 0.7 inch thick. The microwave beam 
used a 6-inch diameter circular area of the specimen, and the remainder of 
the sample was heated by oxyacetylene torches. Measurements were made at 
X-band (9.3 GHz) on slip-cast fused silica specimens. These results have 
been reported earlier (Ref 1-3). 
Section II. Measurement System 
A second program was begun in 1970 to further refine the high temperature 
dielectric measurements technique and to obtain data on six candidate window 
materials. In this work, the samples were to be circular discs no larger 
than 3 inches diameter, mounted in a slip-cast fused silica carrier disc. 
The carrier would be rotated about its center and heated from one side by 
oxyacetylene torches as before. A microwave measurement area would be kept 
clear of flame as before, and experimental data would be collected each 
time a sample passed through the measurement area. Optical pyrometry 
techniques were to be improved and additional thermocouples were to be 
provided on the samples. These new requirements led to several significant 
changes in the original high temperature measurement system: (1) To meet 
the 3-inch sample diameter requirement, the microwave frequency was changed 
from 9.3 GHz to 24 GHz and the original prolate spheroidal reflectors replaced 
by a horn-lens focused system; this reduced the microwave beam diameter 
at the 20 dB points to less than 3 inches. (2) The mandrel, on which the 
rotating carrier disc is mounted, was designed with 18 small conduits through 
which thermocouple leads could be passed. Thermocouple signals are trans-
mitted through brass slip rings and mercury contacts. (3) Two fast-response 
optical pyrometers operating in the infrared portion of the spectrum were used 
for measurement of the heated surface temperatures. Infrared pyrometers were 
chosen to insure that surface rather than in-depth temperatures were measured 
on silica-based specimens. (4) All instrumentation was arranged to have 
sufficiently fast response time that data could be collected during the brief 
period in the carrier revolution when each specimen was in the microwave 
beam area. 
The focused beam system subjects the disc-shaped samples to heating 
on one side by oxyacetylene torches. During a measurement run the torches 
are usually operated for about 200 seconds; by the end of this time the 
front surface temperatures have leveled out in the range of 3500 ° to 4500 ° F, 
depending on the thermal properties of the individual samples. Temperature 
gradients are established in the samples, but the run is terminated before 
steady state temperatures are attained. The instrumentation records the 
following data as functions of run time: heated surface optical temperatures, 
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internal and back surface thermocouple temperatures, change in sample 
insertion phase, reflection coefficient phase, sample insertion loss, 
incident power and reflected power. During the run the sample is continuously 
moved axially in the microwave beam (± quarter-wavelength longitudinal 
displacement) so that the average insertion loss can be determined. An 
event mark signal is placed on all recordings once in each carrier revolution 
so that the response of each sample can be identified. Thermocouples are 
mounted on 1.5 inch diameter "thermal samples" which are placed in the 
carrier disc adjacent to their respective 3-inch diameter "microwave samples." 
The microwave measurement system employs the free-space phase-shift 
bridge and transmission technique described by Redheffer (Ref 4) to determine 
the complex permittivities of material. The focused beam system forms the 
sample arm of the microwave bridge. The other arm of the bridge is the 
reference path for the microwave signal. The material specimen is placed in 
the focal region of the lenses normal to the beam axis in the sample arm, and 
the resulting change in electrical path length is measured by a phase detector 
network. Simultaneously, the attenuation due to the sample is measured. 
The complex permittivity is later computed from these data. Electrical 
measurements can be performed either with a static or dynamic thermal environ-
ment since the phase and amplitude data are measured and recorded continuously 
without having to make the usual mechanical phase shifter adjustments. The 
measurements are made at a frequency of 24 GHz. The focused beam is formed 
by an 18-inch diameter double convex fused silica lens which is illuminated 
by a pyramidal feed horn. The material sample is positioned at the focal 
point of the lens which is located 17 inches from the center of the lens. 
The incident beam is focused to a 2.6-inch diameter circle (20 dB points) 
at the focal point. An identical horn-lens system, whose focal point is 
coincident with that of the transmitting lens, acts as the receiving aperture 
in the free-space bridge. 
The samples are mounted in a 16-inch diameter carrier disc which is 
enclosed in a furnace and rotated about its axis at about 25 revolutions 
per minute. The furnace has open windows on each side through which 
the microwave beam passes; provisions have been made to keep the microwave 
beam area free of flame and combustion gases. The front section of the 
furnace, on which the torches are mounted, pivots upward to allow installation 
of samples and lighting of the torches. 
Section II1. Processing of Data 
Computer programs (Ref 5) are used to obtain smooth temperature profiles 
from the measured data and to determine the complex permittivity of the 
materials tested. First, temperature profiles at various times during 
the experimental run are calculated. The thermal analysis program used for 
this purpose accounts for density changes due to melting, sintering or 
expansion and variable heat capacity and thermal conductivity. Sample 
thickness is calculated with each temperature profile. Next, several of 
these profiles and thicknesses corresponding to known times in the experi-
mental run are used as input data to an electrical analysis program. Other 
electrical program input data are measured phase shifts and transmission 
coefficients of run times matching the temperature profiles, and estimates 
of the dielectric constant and loss tangent as functions of temperature. 
The program then divides the sample into 760 Layers and based on the temperature 
profiles and the estimates of dielectric constant and loss tangent, values 
of transmission coefficients and phase shifts are computed as functions of time. 
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These computed values are compared to the measured values of transmission 
coefficient and phase shift; an error term is generated to correct the 
initial dielectric constant and loss tangent vs. temperature curves; the 
program recycles until the computed phase shift and transmission coefficient 
matches the measured phase shift and transmission coefficient as functions 
of time. 
Section IV. Results 
Figures 1 and 2 show temperature profiles at various run times for 
high-purity slip-cast fused silica (SCFS) and HD-0092 hot pressed boron 
nitride (HPBN) respectively. These profiles are typical of silicas and 
boron nitrides; the relatively low thermal conductivity of SCFS results 
in steeper profiles and higher front surface temperatures than are attained 
with HPBN run under the same experimental conditions. Recalling that the 
raw electrical data collected during these runs included change in insertion 
phase and transmission coefficient as functions of run time, it is possible 
to make rough estimates of radar window transmission characteristics using 
the temperature profiles and the raw electrical data. The microwave 
transmission data are given in Reference 5. 
Figures 3 through 6 show the final dielectric constant and loss tangents 
for SCFS, AS-3DX fused quartz fiber composite, HPBN and isotropic pyrolytic 
boron nitride (IPBN) respectively. The sharp increase in dielectric 
constant and loss tangent of SCFS and the fused quartz composite in the 
range of 2800 ° to 3000 ° F is associated with densification and melting of 
the materials in that temperature range. The data in Figures 3 through 6 
were verified by short circuit waveguide measurements up to 2000 ° F; the 
results of these measurements are given in Reference 5. 
References 
1. H. L. Bassett and S. H. Bomar, Jr., "Dielectric Constant and Loss Tangent 
Measurement of High-Temperature Electromagnetic Window Materials," Con-
tract F29601-68-C-0060, Technical Report AFWL-TR-69-92, AD 864731, Dec. 1969. 
2. H. L. Bassett, "A. Free Space Focused Microwave System to Determine the 
Complex Permittivity of Materials to Temperatures Exceeding 2000 ° C," 
The Review of Scientific Instruments, 42, No. 2, 200-204, Feb. 1971. 
3. H. L. Bassett and S. H. Bomar, Jr., "Dielectric Constant and Loss Tangent 
Measurement of High-Temperature Electromagnetic Window Materials," 
Proceedings of the Tenth Symposium on Electromagnetic Windows, Georgia 
Institute of Technology, Atlanta, Georgia, July 1970. 
4. R. M. Redheffer, "The Measurement of Dielectric Constants," Technique  
of Microwave Measurements, ed. C. G. Montgomery, McGraw-Hill, New York, 1947. 
5. H. L. Bassett, S. H. Bomar, Jr., G. K. Huddleston and A. C. Merritt, 
"High-Temperature Complex Permittivity Measurements on Reentry Vehicle 
Antenna Window Materials," Contract F29601-70-C-0069, Technical Report 




10 	0.8 	0.6 	0.4 	0.2 	0 
DISTANCE - INCH 
PREDICTED TEMPERATURE 
PROFILES FOR SLIP-CAST 




DIELECTRIC CONSTANT AND 
LOSS TANGENT VS. TEM-
PERATURE FOR IPBM 


















0 	1000 2000 30130 4000 
TEMPERATURE - ° F 
FIGURE 5. DIELECTRIC CONSTANT AND 
LOSS TANGENT VS. TEM-
PERATURE FOR HPBN 

























0 0.8 	0.6 	0.4 	0.2 
DISTANCE-INCH 
PREDICTED TEMPERATURE 
PROFILES FOR HOT PRESSED 





















1000 2000 3000 4000 0 
TEMPERATURE - °F 
FIGURE 4. DIELECTRIC CONSTANT AND 
LOSS TANGENT VS. TEM-
PERATURE FOR QUARTZ FIBER 



















- 	 1 	I 	0 
0 	1000 2000 3000 4000 
TEMPERATURE - ° F 
4.5 
	
2.5 	- 	-  -• 
0 	1000 2000 300(1 4000 
TEMPERATURE - 0 F 
FIGURE 3. DIELECTRIC CONSTANT AND 
LOSS TANGENT VS. TEM-
PERATURE FOR SCFS 











HIGH-TEMPERATURE DIELECTRIC PROPERTIES OF SEVERAL 
CANDIDA1E SPACE SHUTTLE THERMAL PROTECTION SYSTEM 
AND ANTENNA WINDOW MATERIALS 
M. C. Gilreath and S. L. Castellow, Jr. 
NASA Langley Research Center 
Hampton, Virginia 
INTRODUCTION 
The successful operation of the Space Shuttle requires the use of a 
thermal protection system (TPS) which is reliable, low cost, lightweight, 
and reusable (up to 100 flights). Several nonmetallic external insulation 
materials have been developed in an attempt to satisfy these requirements. 
If a nonmetallic reusable surface insulation (RSI) material is used for 
the TPS, it would be desirable to also use it as the radome or antenna 
window material if it has suitable dielectric properties. This would 
eliminate the problems associated with cutting holes in the RSI material 
for installing antenna windows of different materials over the many 
antennas on the Space Shuttle vehicle. 
To determine if these candidate RSI materials would be suitable for 
covering the Space Shuttle antennas, an extensive experimental program was 
conducted to measure their dielectric properties as a function of tempera-
ture from ambient to approximately 2200° F. Several antenna window mate-
rials were also evaluated for possible use if the RSI materials were found 
to be unacceptable as antenna covers. The purpose of this paper is to 
present the results obtained during this measurement program for both the 
RSI and antenna window materials. 
MATERIAL REQUIREMENTS 
The TPS or antenna window material covering the antennas must satisfy 
several Space Shuttle requirements (Refs. 1 and 2). Among these is the 
requirement for withstanding repeated exposure to the high temperatures 
experienced during reentry without degradation of the dielectric prop-
erties. The predicted maximum temperatures which the Shuttle Orbiter will 
encounter during entry are indicated on Figure 1 (Ref. 1). These tempera-
tures are less than those experienced on previous spacecraft during earth 
entry; however, the duration of the peak Shuttle heating is much longer, 
as shown on Figure 2 (NASA Contract NAS1-11273 with McDonnell Douglas). 
This indicates the type of surface temperature profile expected on the 
Orbiter during entry for an antenna located on the forward bottom center 
line. Several of the antennas are currently being planned for forward 
locations. A test program (NASA Contract NAS1-11267 with Georgia Tech) 
is currently underway to determine the effects on the electromagnetic 
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properties of several candidate materials during repeated exposure to this 
type of surface temperature profile. 
CANDIDATE MATERIALS 
Several candidate antenna window materials were selected for evalua-
tion and these are given in Table I. These materials are primarily in the 
boron nitride (i.e., Hot Pressed Boron Nitride, Isotropic Pyrolytic Boron 
Nitride) and silica (i.e., Sltp Cast Fused Silica, Silica Composites) 
classes. An aluminum phosphate foam material was also evaluated. Because 
of the possibility that the RSI materials might not be developed suffi-
ciently for use on the initial Shuttle Orbiter, requiring the use of an 
ablative TPS, a typical low-density ablative antenna window material 
(SLA-220V) was included for evaluation. 
Four RSI materials considered as typical of those being developed for 
Shuttle TPS applications were selected for evaluation. Those evaluated 
were the Lockheed LI-1500 silica-based material, McDonnell Douglas Mullite 
HCF, General Electric Mullite MOD1A, and the Grumman Aerospace CPI-35 
material. All of these materials are low density (11 to 15 lb/ft3) except 
the Grumman CPI-35 which has a density of approximately 35 lb/ft3. The 
Lockheed, McDonnell, and General Electric materials are basically silica 
or fibrous materials that are subject to moisture absorption, damage due 
to handling and erosion, and poor emissivity properties. Thin surface 
coatings (10-30 mils) have been developed to provide liquid waterproofing 
and erosion and handling resistance. Additives to the surface coatings 
have achieved normal emittance values of 0.8 to 0.9. The materials evalu-
ated in this program did not have the surface coatings. Only the basic 
material was measured; however, programs are underway to determine the 
effect of these surface coatings on the transmission properties of the 
material. 
The Grumman CPI-35 material appears to have some advantages over the 
other materials since it is a closed porosity insulation (CPI) material. 
It, by definition, cannot absorb moisture and by the use of high emissivity 
additives to the bulk properties of the material the desired emissivity 
(0.8 to 0.9) may be achieved, eliminating the surface coating requirement. 
However, to be more competitive with the other materials, it appears that 
the density of the CPI material would have to be reduced considerably. 
DIELECTRIC PROPERTY MEASUREMENTS 
The dielectric constant and loss tangent of each candidate antenna 
window material was measured initially utilizing rectangular cavities at 
room temperature. The results of these measurements are presented in 
Table I along with the measured density of each test sample. The test 
samples were precured for approximately 5 hours at 3920 F prior to con- 
ducting the cavity measurements. The frequencies at which the measurements 
were made were different for each material since a change in the dielectric 
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constant produced a different resonant frequency of the test cavity. 
These dielectric constant values were then used to determine the test 
sample sizes needed for the high-temperature tests. 
The high-temperature measurements were conducted at 10 GHz using a 
short circuited waveguide technique. The sample holder was a section of 
Platinum/Rhodium waveguide which was heated by a Lindberg Hevi-Duty tubular 
furnace with an upper temperature limit of approximately 2200° F. The 
results of the 10 GHz measurements on the antenna window materials at room 
temperature and 2000° F are presented in Table I. These data were obtained 
after the test samples had been precured overnight at 392° F. These results 
are in good agreement with published data for these materials. 
The dielectric constants and loss tangents for the RSI materials were 
also measured at 10 GHz from room temperature to 2192° F and these results 
are presented in Figures 3-6. Figure 3 shows the results obtained for two 
samples of Lockheed LI-1500 having different densities. There was very 
little change in the dielectric constant as a function of temperature for 
this material. These data presented in Figures 3-5 are averages of several 
measurements. These data obtained for the McDonnell (Fig. 4) and General 
Electric (Fig. 5) Mullite materials were similar except the loss tangent 
of the McDonnell material was approximately a factor of 10 higher. The 
Grumman CPI-35 test data are presented in Figure 6. Two tests were con-
ducted using the same test sample with the first having a maximum tempera-
ture of 18320 F and the second a 2192° F maximum. The loss tangents were 
essentially the same for both tests; however, the dielectric constant 
deviated considerably above 1472° F. It is important to note that the 
dielectric properties returned to the same values after cooling to room 
temperature; therefore, apparently the high-temperature cycling produced 
no permanent change in the room-temperature performance of the material. 
This particular material did exhibit a large change in both the dielectric 
constant and loss tangent as a function of temperature which is not 
desirable for an antenna window material. 
CONCLUSIONS 
The results of the high-temperature tests indicate that some of the 
RSI materials showed very little change in the dielectric properties as 
a function of temperature up to approximately 2200° F. Assuming these 
materials can satisfy all the other Space Shuttle requirements and the 
addition of the required surface coatings do not degrade the electromag-
netic performance considerably, they appear promising as Shuttle antenna 
window materials. Some of the other materials may also be acceptable when 
subjected to heating on only one surface. 
The antenna window materials performed as expected with very little 
change as a function of temperature up to 2000° F. Additional tests are 
planned to evaluate these materials up to approximately 2200° F. 
146 
REFERENCES 
1. M. W. Vance, "The Manufacture of Mullite Reusable Surface Insulation 
Materials for Space Shuttle," presented to the Society of Manufacturing 
Engineers, Westec Conference, March 15, 1972. 
2. "Development of a Rigidized, Surface Insulative Thermal Protection 
System for Shuttle Orbiter," Lockheed Missiles and Space Co. Final 
Report, NASA MSC Contract No. NAS9-11222, February 16, 1971. (Avail-
able as NASA CR-114958.) 
TABLE 1 
PROPERTIES OF ANTENNA WINDOW MATERIALS 
Material Supplier Density, p 
ece 
Frequency, GHz* Dielectric 	Constant, E r 
PT 	2000°F 
Loss Tangent, tan 
RT 	 2000 F 
Slip Cast Fused Silica Georgia Tech 1.98 5.375 3.40 0.00089 
SCFS 10.000 3.34 	3.47 0.00022 	0.00223 
Boron Nitride Union Carbide 1.99 4.915 4.07 0.00056 
H0-0092 10.000 4.08 	4.15 0.00300 	o.0008o 
Isotropic Pyrolytic RN Raytheon 1.22 5.726 3.00 0.00011 
IPBN 10.000 2.86 	2.88 <0.00010 	0.00082 
Aluminum Phosphate Foam Whittaker 0.82 7.362 1.82 0.00401 
AlF04 10.000 1.81 	1.84 0.00327 	0.01688 
Multidirectional Silica General Electric 1.69 5.555 3.19 0.00057 
Composite, MARKITE 3 DQ 10.000 3.14 	3.23 0.00057 	0.00084 
Fused Quartz Reinforced Philco-Ford 1..62 5.841 2.88 0.00612 
Silica Composite AS 3DX 10.000 2.82 	2.92 0.00047 	0.00238 
Silicone Ablator** Martin 0.25 12.950 1.328 0.00609 
SIA-220V 10.000 1.308 	1.302 0.00498 	0.00447 
*10 GHz measurements after 16 hours precur ng at 392 ° F, other measurements after 5 hours at 392° F. 
**Ablation material, maximum test temperature 750 ° F. 
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TRANSIENT THERMAL AND ELECTRICAL CHARACTERISTICS OF AN ANTENNA WINDOW 
MATERIAL IN THE PRESENCE OF TWO RETAINERS 
by 
G. J. HUTCHINS AND R. F. SULLIVAN 
Harry Diamond Laboratories, Wash DC 
INTRODUCTION 
The need for a low-cost antenna window material that can withstand moder-
ate missile aerodynamic heating conditions has led to an investigation into 
the transient thermal and electrical characteristics of Duroid 5650*, a 
Teflon-based material with ceramic fibers. Window materials subjected to a 
thermal environment should have the following characteristics. 
1. RF transmission loss through the window/retainer combination must 
be lower than a specified value at the frequency of interest. 
2. The material must possess ablative compatibility with the retainer. 
3. Thermal conductivity must be low. 
4. The material must be able to withstand a desired heating rate and 
elevated surface temperatures. 
5. The material must be able to withstand moderate bending stresses. 
Previous tests (Ref. 1) indicated that Teflon-based materials exhibited 
excessive attenuation (approximately 20 dB) during the transient heating 
phase. Conditions imposed on these materials were those expected during 
re-entry of space vehicles and were considerably more extreme than those of 
interest in this investigation. In order to determine if Duroid 5650 was 
acceptable under more moderate conditions, tests were conducted at the 
NASA-Langley Thermal Facility Unit.** 
EXPERIMENTAL CONFIGURAT ION 
A diagram of the experimental configuration is given in Fig. 1. An oscil-
lator produced a 9.3-GHz signal that was 100 percent modulated at a 1-kHz 
rate. Use of a power monitor enabled power level adjustment, thereby en-
suring the same input conditions for each testing cycle. A signal was 
transmitted from an antenna horn positioned perpendicularly to the test 
sample. The test sample was comprised of a 2 x 2 x 0.2-in. section of the 
* Rogers Corporation, Rogers, Connecticut. 
** The authors gratefully acknowledge Ross Levin and his highly competent 
staff at NASA-Langley for providing and operating the necessary testing 
equipment. 
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candidate window material surrounded by a 5 x 5 x 0.2-in. section of win-
dow-retainer material attached to a wedge-shaped sample holder (Fig. 2). 
During application of a thermal environment, the leading edge of the cop-
per wedge was water-cooled. Fig. 3 shows the interior of the sample hold-
er. Power received by a section of the open-ended waveguide was detected 
by a crystal detector. After being amplified by a 1-kHz narrow-band am-
plifier , the signal was rectified and the dc output continuously recorded 
by an oscillograph recorder. Temperature readings were obtained using an 
optical pyrometer and thermocouples (Fig.3) to determine the conditions on 
the front and back surfaces respectively. 
In order to minimize the interference that occurred because of the sur-
rounding metallic structure, it was necessary to position the antenna horn 
as close as possible to the test sample. This prevented the use of the 
hydraulically operated insertion arm and necessitated starting the electric 
arc with the wedge already in its testing position. 
TEST CONDITIONS AND RESULTS  
Three materials were involved in these tests: (a) Duroid 5650, (b) RPD-41, 
an asbestos-phenolic retainer material, and (c) RMCP (rubber-modified cot-
ton phenolic) retainer material. Four 30-second tests were made of the 
Duroid window surround (two tests for each retainer) in an arc-heated air-
stream with a cold-wall heat flux of 17.5 BTU/FT2-Sec. and an enthalpy of 
3000 BTU/LB. Fig. 4 shows the Duroid 5650/RPD-41 combination after test 
exposure. The materials in this specimen ablated only slightly in an en-
vironment considered more severe than expected flight conditions. Test 
specimens with a Duroid 5650/RMCP combination exposed to the same condi-
tions resulted in substantially more char and erosion of the RMCP material. 
A plot of transmission loss vs. time using both surround materials is pre-
sented in Fig. 5. It is believed that the initial loss indicated was the 
result of either a transmission loss in the window material or a phase 
Change of the signal inside the test chamber. In order to determine which 
phenomenon was occurring, the sample was removed and an output horn was 
placed on the far side of the arc chamber. The oscillator was tuned so 
that a peak signal was obtained by the amplifier and the arc turned on. 
The resultant signal level decreased. When the same procedure was followed 
for a null signal, the level increased. For this reason, plus the low sur-
face temperature exhibited by the window material, the initial loss was 
attributed to a phase change in the test chamber due to the presence of the 
electric arc. The initial attenuation was therefore considered a "zero" 
level and the transmission loss in the window/retainer combination was com-
puted as the change from that value. 
The considerably greater transmission loss obtained when RMCP was used as a 
retainer is probably caused by the organic material observed in the glowing 
flow stream caused by the substantial charring and surface erosion. The 
presence of these particles is most likely responsible for the possibly 
high surface temperatures measured by the pyrometer for the Duroid/RMCP 
combination. A constant temperature rise throughout the cycle (Fig. 6) in-
dicates the absence of ablation effects. The maximum surface temperature 
(18500F) for the Duroid 5650/RPD-41 sample occurred after about 17 seconds. 
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At this point, the ablative effects assumed precedence, and the tempera-
ture decreased for the remainder of the cycle. Transmission loss, which 
can be considered a combination of window-attenuation and particles in the 
flow stream, was approximately 1.7 dB. 
THEORETICAL RESULTS 
A computer program was written to determine the amount of aerodynamic heat-
ing that occurs for specific flight conditions and to calculate the trans-
fer of the heat to the interior sections of the antenna window/antenna con-
figuration. This program was adapted from a computer code developed in 
Ref. (2) for stagnation point analysis of nose-cones. The revised code can 
be used for flow over flat plates or cones for areas away from the stagna-
tion point for both laminar and turbulent flow conditions. Other capabili-
ties include the effects of specific heat, thermal conductivity, and emis-
sivity as functions of temperature. 
The following expression for the heat transfer coefficient developed in 





where T* is Eckert's reference temperature, L is the wetted length, P e and 
Ve are values of the pressure and velocity at the boundary layer outer 
edge, and C is a constant denoting laminar or turbulent flow. Fig. 6 indi-
cates that this approximation is indeed valid for the present conditions. 
Since ablation effects are not considered in the program, the calculated 
temperature is constantly increasing throughout the cycle, and therefore 
more closely approximates the Duroid 5650/RMCP results for the latter part 
of the run. 
Interior temperatures were determined using the method of finite differ-
ences to solve the first-order differential heat transfer equation. Back-
surface temperatures calculated using this procedure are also in close 
agreement (Fig. 6). 
SUMMARY 
Excessive attenuation during the transient heating phase of Teflon-based 
materials found in previous tests did not occur for the heating rate used 
in this investigation. Duroid 5650 has been shown to possess favorable 
electrical, thermal, ablative, and mechanical characteristics for moderate 
missile atmospheric conditions. When used with an asbestos-phenolic re-
tainer, the transmission loss was approximately 1.7 dB. Further investiga-
tion is necessary to determine what portion of this attenuation occurs in 
the antenna window, and what portion results from the retainer material 
ablating into the flow stream. This investigation indicates that RMCP is 
an inferior heat shield because of the substantial transmission loss that 
occurred using this material as a surround. 
(T*) .55 	(1) 0.2 FT2 -Sec- °F 
(1) 
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Finally, a computer program that utilizes an approximate heat transfer 
coefficient produced results that make it a viable tool for future aero-
dynamic-heating investigations. 
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DEVELOPMENT AND CHARACTERIZATION OF SILICONE-SILICA COMPOSITE 
HARDENED ANTENNA WINDOW MATERIALS BASED ON OMNI- 
WEAVE MULTIDIRECTIONAL REINFORCEMENT 1 
James P. Brazel and Leonard Markowitz 
General Electric Company 
Re-entry and Environmental Systems Division 
Philadelphia, Penna. 19101 
A family of hardened antenna window materials based on the General Electric 
Re-entry and Environmental Systems Division (RESD) Omniweave process was 
described at the 10th Symposium (ref. 1). The further development of these 
materials under U. S. Army sponsorship is described in this paper. 
Two basic material systems were being developed. The first, designated ADL-
10 is a composite of high purity silica omniweave multidirectional reinfor-
cement with a plastic matrix of GE's SR350 silicone resin. The second, 
designated Markite 3DQ, is an inorganic silica-silica composite derived 
from pyrolysis of ADL-10. Whereas ADL-10 was limited to heat fluxes of 100 
BTU/ft 2 -sec (approx. corresponding to 2800°F surface temperature) for loss-
free RF transmission, the Markite material was unlimited and had essentially 
the RF/ablation properties of slip-cast fused silica. ADL-10 had excellent 
shock resistance but anomolously low strengths in the range 2000-4000 psi in 
the weakest direction and fractured like a brittle material. Markite also 
had a low strength which was attributed to the fiber-matrix bonding mechan-
ism. The prognosis for improvement of both materials was to study the 
matrix-fiber interaction, especially the effects of suspected fiber damage 
during weaving and the silicone-silica bonding at the time of impregnation. 
This paper discusses the progress made since the last symposium in carrying 
out that study. 
OMNIWEAVE PROCESS 
By a combination of improved fiber combing techniques and the use of teflon-
coated Astroquartz roving, Omniweave fabric densities of from 0.7 to 1.1 
gm/cc were achieved during this development program. This contrasts with a 
woven fabric density range of 0,4 to 0.7 gm/cc in the previous program. The 
finished weaves had a nominal surface projected fiber angle of 40°, which 
resulted in processed composites of 26 to 38 ° surface angle. The woven 
through the thickness fiber angle was close to the nominal 45°, which in the 
molded specimens ranged between 18 and 36 0 , depending on molding pressure. 
The teflon finish was generally removed before impregnation and molding to 
the composite form. During the early ADL-10 processing studies described 
in this paper segmented "fingers" of silica omniweave were first produced, 
in contrast to the large flat "scarves" described in ref. 1. Figure 1 
shows a sketch of a finger specimen woven to the nominal 0.9" x 0.4" x 4" 
tensile specimen geometry. Later weaves were again produced in the large 
scarf geometry and the various test specimens cut from them. 
1. This work was based on funding provided by U. S. Army Materials and 
Mechanics Research Center under Contract No, DAAG-46-71-C-0053. 
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ADL-10 SILICA/SILICONE COMPOSITE 
MECHANICAL PROPERTIES  
The first investigations were directed specifically toward improving the 
tensile strength properties of ADL-10 by carefully controlling 3 process 
parameters during fabrication. First, the woven specimens were divided 
into four groups subjected respectively to etching in HF aqueous solution 
of 10, 5 and 1% and a control unetched group. Second, these specimens were 
factored into three groups to which was applied 2 levels of coating by 
acetoxy ethyl triacetoxy silane in acetone, and a control group uncoated 
with this "silane coupler" whose purpose is to facilitate tenacious bonding 
by formation of direct chemical bonds between the silicone matrix and silica 
fibers. Third, the samples were further factored by molding pressures of 
125, 300 and 1000 psi, using the previously developed cure techniques. The 
details of the processing and of the complete work associated with the mater-
ials described at the last symposium are given in ref. 2 and 3, the unclassi-
fied final reports under AMMRC sponsorship. 
The tensile test results of this "series 1" showed no significantly discern-
ible effect due to either the etching or silane coupling. Only the molding 
pressure variations showed a discernible trend, apparently optimum at the 
lowest pressure, 125 psi. However; the overall range of observed strengths 
was in the range of 5000-18,000 psi (a function of reinforcement angle, see 
below), and strains to failure of 0.5 to 2.35% occurring in the composite 
fiber/matrix shear failure mode. 
TABLE 1 
ADL-l0 COMPOSITE PROPERTIES MINIMUM, STRENGTH DIRECTION 
Material 
Property 
1000 psi plate molding 
from low density Omni- 
weave (ref. 1). 
Series 1, Segmented 
Omniweave, 





125 psi molding 





density, as woven 
(gm /cc) 
0, 4. 	to 0.7 0.70 to 0.94 0.72 to 0.77 0.79 
Molded panel 1.38 (cast) 1.55 to 1.68 (125 psi) 1. 60 to 1. 83 1.68 (125 psi) 
density (gni/cc) 1.8 to 2.0 (1000 psi) 1.66 to 1.78 (1000 
psi) 
1.59 (1000 psi) 
Molded panel fiber 33 (cast) 60 to 70 (125 psi) 60 to 80% 67 (1000 psi) 
volume fraction (%) 67 to 80 (1000 psi) 67 to 79 (1000 psi) 60 (125 psi) 
Ultin.ate Tensile 2000 to 4000 5000 to 18,000 10, 000 to 20,000 18,000 (1000 psi 
Strength (psi) 
(axial or minimum) 
7,300 	(125 psi) 
Strain to failure 0. 04 to 0.48 1.5 to 2.3 (125 psi) 1.5 to 2.35 0.8 (1000 psi) 
1.0 to 1.9 (1000 psi) 0.4 	(125 psi) 
Elastic Modulus I. 7 1.08 to 1.90 (125 psi) 0. 8 to 1. 7 2.7 	(1000 psi) 
(x10 6 psi) 1.22 to 2.18 (1000 psi) 1.9 	(125 psi) 
1 
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A "series 2" set of similar finger specimens was then fabricated, selecting the 
125 psi molding pressure, standardizing on the highest HF etch concentration 
and two levels of silane coupler. The gratifying results of the tensile testing 
are summarized in Table 1 where the stages of development of this material can 
be traced and compared to the earliest versions reported in ref. 1 and 2. 
Strengths of 10,000 to 20,000 psi were measured in the axial, specimen length 
direction (fig. 1) with included fiber surface angles of 26 ° to 34° . Although 
the same level of elastic modulus as in the weak, earlier material was observed, 
the precent strain to failure of the series 2 specimens increased from the range 
0.04-0.48 to 1.5-2.35. This last result is especially valuable for the intended 
radome or antenna window role of the material where it would not be intended as 
a primary load bearing member. 
Figure 2 presents these series 2 results in a more rationalized form. The UTS is 
plotted versus surface (axial projected) reinforcement angle in three groups; 10 
and 1% silane and a third factorial group to which Cab-O-Sil was added (ref 3). 
The effects of machining the edges of the woven tensile specimens was also exam-
ined in each group and found to give about 25 % lower strengths. The V. silane 
coupling gave the highest strengths of the groups but the spread of the data was 
relatively larger, reflecting either the difficulty of accurate and representat-
ive fiber angle measurement or, as likely, critical performance of the unmatched, 
near optimal, 1% silane coupled closed-weave specimens. 
Figure 3 presents the results of a theoretical analysis of these specimens*. The 
series 2 data points are plotted against the predicted UTS of the ADL-10 composite 
with non-machined edge specimens indicated as solid data points. Again, the 
difficulty of accurately measuring surface fiber angles is a factor, but the 
composite material is in fact reaching its theoretical strength levels. Measure-
ments of the primary cured SR350 resin elastic properties and unidirectional 
behavior are discussed in reference 3. 
Plate material was also produced from a higher density omniweave fabric. Tensile 
specimens cut from 2 molding pressures from this plate showed the dominant omni-
weave parameter to be the fiber volume fraction, optimum and maximum at about 
0.68, depending on axial surface angle. The last column of Table 1 shows this 
result and the equivalence of finger and plate results. 
SHOCK RESISTANCE  
The mechanical shock resistance of four series 2 test specimens was evaluated by 
subjecting them to magnetic flyer plate impact. One specimen (in the 10% silane 
group) was impacted at 2000 taps in the center, gauge section. The apparent 
result was only a mashing of the matrix, so three specimens from the V. silane 
group were then impacted at 4000 taps. These samples are indicated by crossed 
symbols in figure 2. There was no discernable loss in strength; in fact one of 
the 4000 tap specimens had the highest strength of any tested, at 21,060 psi. 
However, the fibers of the "mashed" tensile were allowed to travel 4 to 10 times 
farther through the crushed matrix before failure. Further testing of ADL-10 
hockey puck specimens showed the ability to remain intact at impact levels of 
4000 taps. The specimen thickness increased by 15-20% and ultrasonic attenuation 
from 60 db/cm to somewhat greater than 90 db/cm. 
ELECTROMAGNETIC PROPERTIES  
The ADL-10 material developed under the second AMMRC-sponsored program had essent-
ially identical RF properties to that reported in ref. 1 and 2. The 100 BTU/ft 2 -sec 
* This analytic portion of the study was performed by Dr. B. W. Rosen, Materials 
Sciences, Inc. 
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heat flux limitation is shown in fig. 4. An analogous heating and RF transmission 
history is given in ref. 1 for Markite 3DQ which has no flux limitation on trans-
mission. ADL-10 has a thickness direction dielectric constant of 3.0 + 0.1 depend-
ing on molded density and a loss tangent of 0.004 or less (C-band, 5.47 GHZ). 
MARKITE 3D0 SILICA/SILICA COMPOSITE  
The etching and silane coupling studies had as their ultimate objective a signifi-
cant improvement in the strength of the Markite material derived from ADL-10. With 
achievment of woven omniweave silica fabric densities as high as 1.1 gm/cc (1.2 
gm/cc is the maximum useable density, corresponding to the ideal 68% uncrimped 
fiber volume fraction) all of the postulated requirements for ceramicized composite 
strength improvement were realized. However, only marginal improvements in strength 
over the previous work were realized-about 20%, attributable to the increase in 
woven fabric density. Fig. 5 shows flexure test results of the earlier studies 
(ref. 2) on repeated pyrolysis and reimpregnation of ADL-10, but with data points 
from two plates (319-1 and 2) of the latest series. After 3 cycles of densification 
a maximum ceramic strength of 3000 psi was achieved. 
Fig. 6 is a scanning electron micrograph of Markite fiber-matrix bond. The tenacious 
bonding and filleting is apparent-as is also the cracking. A lower density inorganic 
matrix is the obvious alternative approach, as is also a less tenacious bond which 
need only permit the fiber system to realize its strength potential, as did the 
flyer-plate impacted ADL-10 tensile specimens. 
PLANS FOR FUTURE WORK  
The current work underway at GE/RESD on low density refractory external insulation 
(REI) for Space Shuttle applications is serving as a basis for one concept of a 
ceramic silica-silica antenna window, which aims to achieve a "space-frame" reinforce-
ment (Section 4, ref. 3). Preliminary studies have also been performed on a chemical 
vapor deposition process for silica but this process appears limited to either an 
initial deposition into the unimpregnated fabric or a surface hardening or sealing 
final step. 
The most immediately promising process is to continue the reimpregnation-pyrolysis 
cycle represented in fig. 5, terminating with a final light reimpregnation. The top 
of the sawtooth ramp does increase to strengths in excess of 5000 psi at 3 complete 
cycles. A single flexure specimen (319-2 in fig. 5) had a modulus of rupture of 
5900 psi after only 2 cycles. Studies of ADL-10 pyrolysis residues have also shown 
more advantageous methods of converting the silicone matrix to a loss-free silica. 
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RADOME DESIGN: FURTHER DEVELOPMENTS OF THE LIMITED EXPANSION METHOD 
BY: F. GASPALOU 
Etablissement des Constructions et Armes Navales de RUELLE (FRANCE) 
Abstract  
The limited expansion method allows in particular to give general 
formulas for the boresight error slope and for transmission losses using 
the different parameters defining the combination radome-antenna. The 
first results of the optimization of the combination radome-antenna are 
given: influence of the different parameters, theoretic minimum of bore-
sight error slope for a given band of frequency, theoretic largest band 
of frequency which can be obtained for a given transmission loss, etc. 
0. - INTRODUCTION - 
The limited expansion method was stated in the Secund International 
Symposium on Electromagnetic Window (ref. 1) and we invite the reader to 
refer to the proceedings of the Symposium for detailed explanations (and 
for the list of hypothesis). We would only like to remind here that this 
method allows to give general formulas for the boresight error slope and 
for transmission losses, thus it is a very simple method for radome 
design. With this method, all the characteristics of electrical analysis 
cannot be calculated, and the usual method using computers will be 
necessary for elaborated analysis. But the limited expansion method can 
help the radome designer and gives answers to such questions as: what is 
possible with a monolithic radome? Can you obtain 5 per cent of bore-
sight error slope in a band of frequency of 10 per cent? Is it interest-
ing to reduce dielectric constant? What is the influence of the shape of 
the radome, and for example is it interesting for electrical design to 
increase the L/D ratio of the ogive? We shall give some results in this 
summary, without any demonstration. 
1. - FURTHER THEORETIC DEVELOPMENTS - 
The method has been extended in various ways: 
1.1. - Different angle-error sensing techniques - 
Initially the method assumed that a monopulse ecartometry 
technique was used. We have proved that the method could be extended to 
other angle-error sensing techniques: 
- scanning with amplitude comparison: we search the null of the 
difference fonction. 
- scanning with phase comparison: for example, for an electronic scanning 
made with four phase shifters driven by sine and cosine currents and 
feeding the four quadrants of the antenna, we have proved that the 
boresight slope is identical to that obtained when the antenna is used 
in monopulse (with the two halves of antennas being at plus and minus 
90 ° phase respectively and ecartometry given by the relation: 
-87j -Tr= 0), i.e. the boresight slope in phase scanning is independant 
of phase shift. 
- theoretic technique using the maximum of the diagram S. nanalogy with 
the pencil beam): we have proved we can still write S. 	0 with 
7 (z,?) 	E (z) 
, 
A (z,?) = (z)
z cos T 
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where E et A are the fields on the antenna in polar coordinates: 
X= z cos y and Y = z sine (0s z 5 1) 
1.2. Antenna looking in a non-principal plane: Initially the method 
assumed that the antenna looked in a principal plane. We have 
proven that the model given in the conclusion of the communication 
(ref. 1) was good at any frequency. This model is good only for 
the boresight error slope when antenna looks in the axe of the 
radome, and is not good for the boresight error itself. 
1.3. Shape with variable thickness: Initially the method assumed that 
the thickness of the ogive was constant. We have written the 
formulas for variable thickness. We have proven that for a non- 
constant thickness the diagram of error slope versus frequency 
can be deduced from this with constant thickness by a translation 
along both the axe of frequency and the axe of error slope (and 
not only along the axe of error slope as it is often said). It is 
the same for the diagram of transmission losses versus frequency. 
1.4. Influence of depolarization angle:  Initially the method assumed 
that the depolarization angle between incident wave and antenna 
was null. We have started with writing the formulas for a 
depolarization angle different from zero. 
2. EXPERIMENTAL VERIFICATIONS OF THE THEORY  - 
We have applied the general formulas to real radomes (with scanning 
or monopulse antennas). 
We have to say that the correlation between theory and experimental 
results is not very good: it seems that the aperture distribution of 
the antenna is not the one that is indicated by the antenna manufacturer. 
The theory gives pessimist performances: experimental performances are 
better than calculated performances. Nevertheless, it is possible to 
choose an aperture distribution that gives excellent correlation 
between theory and experience: it is exactly as if an "apparent" 
aperture distribution was used, different from the real distribution 
law. 
If we apply the general formulas to the same real radomes, but 
assuming that ecartometry is given by the maximum of the diagram, the 
correlation between formulas and experimental results is good (formulas 
give very little optimist performances). 
3. INFLUENCE OF THE DIFFERENT PARAMETERS - 
3.1 Parametric study: 
Let us assume that 1 is the distance between the apex and the center 
of rotation of antenna 
R the radius of curvature of the pointed ogive at the apex 
u the half vertex angle of the ogive 
d the diameter of antenna 
B = 2a the band of frequency 
To reduce the boresight slope, 1 should be as little as possible. 
When R increases, all other parameters being constant, the slope 
decreases. 
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The main parameter characterizing the geometry of radome and antenna 
system is not the aerodynamic 	ratio but: 
1 
u - 
R sin a 
and u should be as little as possible 	For example, all things 
being otherwise equal, the cone has better performances than the 
ogive. For a given diameter D of missile, and for a given aero-
dynamic 	ratio, the ogive of Lighthill is better than the parabola, 
and the parabola is better than the tangent circle. Figure 1 gives 
u versus 1. ratio for different shapes and for a given I ratio. 
D 	 D 
As for the influence of the angle a, the dielectric constant n
2 
and 
the "apparent" illumination law see figures 2, 3, and 4. 
Figure 2 shows the well-known law that says that when the dielectric 
constant increases, the band of frequency decreases: For example, 
to a maximum loss of 307 and for g = 10 ° , it is in theory impossible 
to have a band larger than 5,2% with alumina (n = 9) and than 
9,57 with silica (n 2 = 3,5). Diagrams with maximum loss different 
from 30% could be drawn. 
Figures 3 and 4 give the minimum of boresight error slope p which can 
be obtained in theory. For example, if a = 20 ° and n2 = 9 we have 
E d 
= 7.15 in monopulse, that is to say for a normalized diameter a X - 
of antenna -  = 9 we will have at :Least 0,79% of error slope for a 
band of 2a = 2% or 3,97% of error slope for a band of 2a = 10%. 
Please remember that we deal with monolithic radomes and with pointed 
radome and not blunted radome (like ogive of vonKarman) and with 
thickness close to the half wavelength in the dielectric. Figures 
3 and 4 show that it is interesting to increase a (contrary to 
aerodynamic considerations) and to have a low dielectric a)nstant. 
The minimum error slope given by figure 3 or 5 is theoretic and 
we get practically twice or more at least. 
As for the "apparent" illumination law, we have proven that it exists 
an optimum illumination :Law which gives error slope minimum (this 
optimum law was used to draw figures 3 and 4). We have found that 
the thickness law, as weLl as the illumination law and ogive shape, 
have a great importance, which is a well-known result. 
3.2.Influence of little defects and of secondary effects: 
At paragraph 3.1 we have assumed that the error slope versus 
frequency is linear, i.e., we have neglected the second order terms 
(in other words, we have assumed the band of frequency is not very 
large). We have begun to study the influence of little defects or 
secondary effects that can change or lessen the electrical performances: 
- manufacturing tolerances upon thickness and dielectric constant 
(and influence of temperature) 
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- manufacturing tolerances upon antenna (influence of discontinuity 
of difference illumination law, influence of a phase not exactly 
equal to 7 between sum and difference channels, etc.) 
7 
- influence of a little angle of depolarization between incident 
wave and antenna 
- influence of loss tangent 
- influence of effect of curvature and effect of prism (for the 
radome is not exactly assimilable to a sheet with parallel faces, 
so that an incident beam is slightly deflected) 
- etc... 
This study is not completed, thus we refrain from giving other 
results which are for the moment not definite. 
4. CONCLUSION - 
The limited expansion method is a very simple method which gives a 
good approximation to forecast the electrical performances of the 
combination radome-antenna or which may help the designer to choose 
the different parameters. We have to complete the optimization study and 
to see if it is possible to extend this method to blunted radomes or 
sandwich radomes. 
Reference: 
(1) Methode de calcul des performances radioelectriques des radomes 
aeroportes, F. GASPALOU, Deuxieme colloque International sur les 
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BROADBAND PANEL DESIGN* 
By 
H. L. Bassett, D. G. Bodnar, G. K. Huddleston 
and J. M. Newton 
Systems and Techniques Department 
Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
ABSTRACT 
The basic design features of this particular type broadband panel are 
described in this paper. The inner and outer surfaces of the panels are so 
designed that the relative dielectric constant is 1.0 at the inner surface, 
increases to a value at panel center equal to that of the basic panel ma- 
terial, and decreases to 1.0 at the outer surface of the panel. Transmission 
coefficients of 90 percent or greater have been obtained from 5 GHz to 21 
GHz over the incidence angle range 0 ° to ± 60° for panel #1. The frequency 
range was increased tobe 5 GHz to 40 GHz on panel #2. Both panels were 




The problems associated with the design of efficient panels are well 
known, but the basic problem results from two factors: 
(1) the panel structure introduces phase perturbations to the 
incident radiated field, and 
(2) the amplitude of the incident wave is reduced by the panel. 
The amount of perturbation and/or amplitude reduction depends on the panel 
type, i.e., a narrowband half-wave panel can be designed to be an efficient 
EM structure that operates reasonably about a single frequency and over a 
limitdd range of angles of incidence. Conventional panels, such as the 
multilayer and thin-wall structures, can be designed to operate over a much 
greater bandwidth and incidence angle range than the half-wave panel. But 
the panel that operates from 5 GHz to 40 GHz, while maintaining a trans-
mission efficiency greater than 80 percent, has little chance of being de-
signed using conventional techniques. 
It is the intent to relate a unique panel design feature that will 
allow panels to be designed that have very broad bandwidths. The uniqueness 
of the design lies in the fact that both phase and amplitude perturbations 
can be minimized without resorting to a very costly fabrication process. 
PANEL DESIGN 
A cross-sectional view of the design of panel #1 is shown in Figure 1. 
The purpose of tapering the grooves is to provide a gradual transition of 
dielectric constant as a function of distance through the structure. The 
dielectric constant of the panel starts at a value equal to that of free 
space at the inner surface, increases gradually to that of the solid layer, 
and then decreases gradually to a value of that of free space at the outer 
Supported under AF Contract F33615-71-C-1694, R. A. Ireland, Project 
Engineer. A patent application has been filed by the U. S. Air Force on 
disclosures within this abstract. 
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surface. Such a variation in dielectric constant (assuming a lossless 
material) yields very high power transmission from 0 ° incidence angle to the 
grazing angle. The purpose of running the strips on the outer surface in a 
direction perpendicular to the strip direction on the inner surface is to 
reduce the anisotropic effects of this method of obtaining the desired 
variation in dielectric constant. 
A consequence of the above design is that the transmission coefficient 
is the same for both parallel and perpendicular polarization at any given 
angle of incidence. Thus, the difference in insertion phase delay of the 
two polarizations is theoretically zero; this is one criterion which, if 
satisfied, will result in little antenna sidelobe degradation. 
The bandwidth of operation is determined by the dielectric constant of 
the material, the center-to-center spacing of the strips, and the thick-
nesses of the two regions containing the tapered strips. For a given dielec-
tric constant, the upper frequency limit is determined by the strip spacing; 
the lower frequency limit is determined by the thicknesses referred to above. 
There is good reason to believe that the higher the dielectric constant of 
the panel material, the narrower the bandwidth. 
This method of obtaining broadband panels is an important extension of 
previous work by J. W. Richmond [1]. In his research, he presented the WKB 
solution for the field distribution and the transmission coefficient for a 
plane wave incident on a continuously inhomogeneous plane dielectric slab. 
His WKB solution for the transmission coefficient is 
T
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= 	  a 
(e - r r. e-a) cos 13 + j(e
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 + r r. e ) sins 
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By examining Equations (2) and (3) and by inserting a value for e and 
e 1  of near 1.0 (which is correct for the proposed panel design), one obtains 
interface reflection coefficient values of very near zero. In addition, the 
magnitude of the transmission coefficient value of Equation (1) would be ap-
proximately unity, corresponding to almost perfect transmission. Actually, 
for the lossless case, 
T
TE 
= (1)e -.113 	 (6) 
so that a phase variation does exist. With this phase consideration in mind, 
one can look at the proposed panel design as a two-layered structure. The 
strips on the inner surface would perturb the phase shift of the parallel 
rays differently than the perpendicular rays. By the addition of layer 2 
or the outer surface strips, one can perturb the rays in such a manner so 
that equal phase shifts are obtained through the panel for both parallel 
and perpendicular rays as a function of incident angle. 
PANEL DESIGN ANALYSIS  
The configuration of the broadband panel is presented in Figure 1. 
It is the purpose of this section to present the salient design considerations 
and to relate the physical properties of the panel to its performance in the 
microwave frequency band. 
The method of obtaining the desired variation of the dielectric con-
stant across the panel is an extension of the results of Morita and Cohn 
[2] and an application of the results obtained from previous research done 
at Georgia Tech for the Air Force Avionics Laboratory [3]. Appendix I of 
Reference 3 presents an analysis which determines the effective relative 
dielectric constants of a flat, infinite array of vertical, parallel di-
electric strips of infinite depth for a linearly polarized, uniform plane 
wave incident on the array in a horizontal and vertical plane of incidence. 
The method of analysis is attributed to Morita and Cohn [2]. 
Under appropriate restrictions of the ratio of strip spacing to free 
space wavelength, 20'x , the dielectric strip array is equivalent to a un-
iaxial anisotropic medium [3, 4]. In the analysis, the x, y, and z axes 
of the coordinate system are oriented along the principal axes of the an- 
istropic medium, with the optic axis being along the x axis. The medium is 
described in terms of a relative dielectric tensor 
r-- --1 
e 	0 	0 xx 
e 	= 	0 	e
YY 	
0 	 ( 7 ) 
0 	0 e z z 
 
where the nonzero elements of the tensor are given directly from the results 
of the dielectric strip array analysis as follows: 
e 	= Effective relative dielectric constant for the case of 
xx 
horizontal plane of incidence, parallel polarization, at 
normal incidence. 
e 	= e 
YY zz = Effective relative dielectric constant for the case of 
horizontal plane of incidence, perpendicular polarization, 
at normal incidence. 
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The results of the analysis show that e 	< e 	so that the dielectric 
strip array is equivalent to a uniaxial, negafive aUsotropic medium. 
When a plane wave is incident on the dielectric grating, higher order 
modes are excited to satisfy boundary conditions. However, if the center-to-
center spacing of the strips is restricted by [2] 









the higher order modes do not propagate and a single reflected wave is ob-
tained, corresponding to "correct" operation of the dielectric strip array 
for the application to broadband panels. Thus, we see that the necessity to 
prevent higher order grating effects places an upper frequency limit on the 
simple dielectric strip array; the same restriction is assumed to apply to 
the structure in Figure 1. 
The lower frequency limit of the panel of Figure 1 is determined by the 
dielectric constant of the panel material and the thickness of the regions 
containing the tapered strips. Perhaps a more precise statement should em-
body the phrase "rate of change of dielectric with respect to wavelength." 
In order that a continuous match be presented to the wave at every point in 
the panel, the rate of change of dielectric constant with respect to wave-
length must be "gradual". At long wavelengths, the lower frequency limit 
will be reached when the corrugated panel appears, to the wave, to be essen-
tially a flat panel. To date, no explicit relationship between the physical 
properties of the panel and the lower frequency limit has been established. 
Work is continuing in this area with some enlightenment being provided by the 
ongoing measurements on test panels. 
A theorectical analysis of the inhomogeneous, anisotropic radome panel 
has been made for an arbitrary angle of incidence by using an extension of 
conventional techniques for inhomogeneous panels. The panel is approximated 
by a series of homogeneous slabs and the fields in each layer expressed in 
terms of ordinary and extraordinary waves. The propagation constants and 
directions of propagation are determined successively from the inner surface 
using Snell's Law and Fresnel's equation for wave normals. For arbitrary 
orientation of the optic axes from layer to layer, it can be shown that the 
incident wave would be diffused as it traverses the panel. However, for the 
orientations of optic axes present in the panels considered, the "integrities" 
of the ordinary and extraordinary waves are preserved from layer to layer. 
MEASUREMENT RESULTS  
The transmission properties versus frequency are plotted in Figure 2 
thru 5 for panel designs # 1 and # 2. These data will be discussed at the 
conference. 
REFERENCES 
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DEVELOPMENT AND OPERATION OF A GRAPHITE THERMAL RADIATION FACILITY 
David B. James, Raytheon Company, Missile Systems Division, Bedford, Mass. 
Summary  
A high flux thermal radiator, using a graphite heater, has been successfully designed and developed. Ther-
mal flux levels of 100 cal/cm 2 sec have been obtained, radiating uniformly over a 2 1/4" diameter disc. This 
paper describes the design of the rig, together with solutions to some of the practical operating problems. 
Introduction 
Electromagnetic window environmental requirements frequently specify exposure to high thermal flux 
levels. Examples of this include nuclear thermal radiation and aerodynamic heating. High temperature lamps, 
powered by an Ignitron power supply, had been used to generate a uniform radiant heat flux over an effective 
test area of 24 in 2, but these were limited to a maximum incident flux of 35 cal/cm 2 sec. With the advent of 
heating requirements well in excess of this, the need became apparent for a high thermal flux facility, to be 
built at a minimum of capital expenditure. Designing the facility around a graphite heater was compatible with 
these requirements. Graphite was selected because its electrical resistance allowed for heating over a substantial 
heater surface area while utilizing the same power supply. 
Design 
Rig Layout  
Figure 1 shows the graphite resistance heating element. Figures 2 and 3 are photographic and exploded 
views of the facility. The heater consists of convolutes of 1/4" square cross-sections with an 1/8" air gap be-
tween convolutes. An area, approximately the shape of a 4 1/2" diameter circle, contains only these 1/4" square 
convolutes and comprises the high flux radiating area. Supporting the heater is a pair of 1" diameter graphite 
rods, which also serve as electrical conductors. Copper plates are positioned front and back of the heater, with 
gold-plated reflecting surfaces facing the heater. A circular hole in the front plate allows for insertion of a 
specimen up to 2 1/4" in diameter. A pneumatically-driven, water-cooled shutter can be interposed between the 
heater and the specimen. Radiant flux levels are measured using a water-cooled calorimeter inserted through an 
opening in the rear plate. A 1/2" thick steel case encloses the rig and provides structural support. 
Heater Design  
A design goal was to achieve a flux level of 100 cal/cm 2 sec over a 2 1/4" diameter disc, with 95% uni-
formity. To allow room for the shutter, the disc opening was located 1" from the heater. Figure 4 shows the 
predicted distribution of the flux level over the disc radius, as derived from view factor calculations. Also shown 
is an experimental flux distribution obtained from traversing a calorimeter at the specimen location. The experi-
mental heat flux curve falls below the theoretical curve, but still exceeds the design goal. 
To achieve the desired flux level, the heater would be required to operate at a black body surface tempera-
ture of 4815 °F. The estimated power requirement was 50 - 90 kw, depending on the effectiveness of the plate 
reflecting surfaces. In practice, a power level of 80 kw was found to maintain a steady-state heat flux of 
100 cal/cm2 sec. 
ATJ graphite was selected as being a robust material with a reasonably high electrical resistivity. Highest 
resistivity occurs across the grain (14 x 10 4 ohm cm. at 70° F compared to 11 x 104 ohm cm. with the grain) 
and the heater was machined with the grain perpendicular to the main radiating surface. Variation of resistivity 
with temperature, obtained from Reference (a), is shown in Figure 5. Also shown are temperatures derived 
from thermal flux levels measured with the calorimeter. This data was deduced assuming a uniform graphite 
temperature equal to the black body temperature. Despite the considerable discrepancies between the design 
and the measured resistivity values, the power supply was sufficiently versatile to generate the design power. 
Design current was 440 amps (slightly less in use), low enough to allow use of uncooled copper leads. 
Operational Experience 
Pre-Heat  
To reduce the proportion of impurities in a new heater, graphite suppliers recommended pre-heating at or 
above the operating temperature. However, this approach was found to be impractical with operating tempera-
tures near 5000 ° F. (At 3500°F and above, graphite dust was emitted from the heater, reducing the cross-
sectional area of the convolutes, without any improvement in performance.) Instead, it was found beneficial to 
preheat the heater at approximately 2000 ° F for 2 minutes prior to running to eject both water vapor and the 
loosely held solid impurities contained within the graphite. 
169 
Thermal Response 
With its considerable thermal mass, the heater takes approximately 20 seconds to attain its peak thermal 
flux of 100 cal/cm 2 sec. The shutter, opening in less than 0.1 sec, can approximate the comparatively rapid in-
crease in flux during the initial stage of a typical nuclear thermal pulse. Representation of the slower decay rate 
of the pulse can often be satisfactorily achieved by allowing the heater to cool without power. A squarewave 
pulse, terminated by the closing of the shutter, is frequently run. Because of the slow response time of the 
heater, most pulse shapes cannot readily be achieved by varying the power. A more rewarding approach would 
be to mount the specimen on a moveable trolley. A programmed heat flux history could be obtained by varying 
the distance between the specimen and the heater. Incorporation of such a device is anticipated as part of con-
tinuing development. 
Arcing  
During early runs, arcing across the convolutes was observed at an incident flux level of 50 - 60 cal/cm 2 
 sec. This was accompanied by severe emission of carbon dust from the heater. Fracture of the heater frequently 
occurred. Visual observation of the phenomenon during running was not possible, but a loud crackling noise, 
plus jagged identically mating indentations on adjacent convolutes, left little doubt of its nature. Diagnosis 
suggested the cause as being due to voltage breakdown in the 1/8" hot air gap separating the convolutes. 
A solution was attempted by blowing nitrogen over the heater from two ports in the base of the rig. Be-
cause nitrogen combines with carbon at high temperatures to form cyanogen, a poisonous gas, a duct was incor-
porated in the top of the rig, connected to a vacuum blower. The effect of the modification was to delay the 
arcing flux level to 80 - 100 cal/cm 2 sec with considerable variations in the behavior of individual heater. 
A more satisfactory solution was adopted with the incorporation of manifolds above and below the heater. 
Nitrogen was jetted under pressure through small holes along the manifolds directly to the space between con-
volutes. Since this modification no arcing has occurred, with flux levels slightly above 100 cal/cm 2 sec. 
Carbon Dust Emission and Heater Life 
During running, the heater exudes carbon dust, the quantity increasing with increasing emitted thermal 
flux. Operation of the vacuum blower reduces settling of this dust to a barely discernible amount. It also in-
creases the quantity of dust emitted, thus removing mass from the heater and reducing its life. Typically, the 
heater will survive six 10-second bursts at full power with the blower off before replacement, compared to two 
similar bursts using the blower. 
The effect of the settled dust is to alter, sometimes radically, the absorptivity of the test specimen. This 
can be avoided by interposing a sheet of quartz glass in the aperture, at the penalty of a reduction in incident 
flux. But use of the blower, and acceptance of reduced heater life, is generally found to be the most satisfactory 
solution. 
During the life of the heater, reduction in the cross-sectional area of the convolutes due to the outflow of 
carbon dust increases its electrical resistance by a factor of up to 1.5 before the heater becomes unusable. 
Current Uses  
Since its completion in April 1971, the facility has been used extensively, principally in exposing elements 
of radar antennas to simulated nuclear thermal environments. These elements generally take the form of a cer-
amic window surrounded by a metal frame, and problems highlighted during testing included window cracking 
and melting of the frame. With instrumented testing backed up by computerized thermal modeling, determina-
tion of the cause of these problems was achieved, leading to eventual solutions. 
Another currently active area is the simulation of aerodynamic heating on material samples of high-speed 
missile radomes. In these cases careful evaluation of the absorbed heat, with a knowledge of the radiation prop-
erties of the radome material, is essential to the production of meaningful results. 
With the development of high-power laser technology, preliminary knowledge of the thermal effects of 
the beam on irradiated surfaces is sometimes required, which can be provided using the facility. 
Closure  
At the outset of the design effort, it was intended to build a rig capable of simulating useful radiant ther-
mal flux levels with a minimum of capital investment and running cost. A fast turnaround time was required, 
together with ease of maintenance and convenient installation of test specimens. These objects have been 
satisfactorily achieved, and runs at flux levels of 100 cal/cm 2 sec for up to 20 seconds are now routine. Turn 
around time between tests is approximately 30 minutes, exclusive of time absorbed on instrumentation set-up. 
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Brief excursions into flux levels beyond 100 cal/cm 2 sec have generally resulted in rapid heater failure. It 
is believed that loosening of the bonds, precipitating the massive outflow of carbon dust, is the cause of failure. 
This therefore represents a practical limit in the attainable flux level of this type of graphite heater. 
References: (a) Union Carbide Information Bulletin No. 463-205. "UCAR Premium Graphite Grade ATJ" 
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An Experiment to Correlate the Thermal Stress Failure Level 
to Modulus of Rupture in Ceramic Materials 
Robert Kelly Frazer 
Associate Engineer 
Johns Hopkins University/Applied Physics Laboratory 
Silver Spring, Maryland 
In designing radomes for use on high speed missiles, the high tem-
perature strength and dielectric characteristics of ceramic materials 
become attractive. It has been shown in previous work (Ref. 1) that 
ceramic radomes most frequently fail in flight due to thermal shock. 
The design of ceramic radomes should, therefore, be concerned with the 
definition of allowable levels for thermal stresses during flight. 
The discussion given here describes an experimental program conducted 
to correlate the Modulus of Rupture (MOR) to the thermal stress failure 
level. MOR values obtained with small laboratory specimens are here 
shown to be a misleading indication of the thermal stress failure level 
in large bodies of revolution (i.e., radomes). The current work has 
suggested a method that can be used to predict thermal stress failure 
levels from properly conducted MOR tests. 
To provide a data base for the correlation between MOR and thermal 
stress, samples of two different ceramic materials were obtained. The 




) a high strength material with a high 
coefficient of expansion (4.2 ppm/ °F), high elastic modulus (45 x 106 
 psi), and large average grain size (30-40 4m). The second material 
was cordierite, a solid solution of Al2 03 , MgO and SiO 2 . This material 
has only moderate strength, but has a low coefficient of expansion 
(1.24 ppm/ °F), a low modulus (18 x 10 6 psi), and a small average grain 
size (-8 pm). Samples of different sizes were obtained for each of 
the materials: (a) 6 small MOR bars, 3" x 1/2" x 1/4", (b) 8 large 
MOR bars, 8" x 1" x 1/2", and (c) 6 cylinders, 5" in outside diameter 
x 12" long x 1/2" in wall thickness. During the investigation the 
MOR bars were tested for MOR and elastic modulus (E) using a four-
point, quarter span loading fixture. The cylinders (instrumented 
with strain and temperature measuring devices) were thermal shocked 
to failure in a specially constructed fixture that provided a well 
controlled radiant heat flux to the test specimens of 40-50 Btu/ft 2 - 
sec. In addition, it was decided to diamond cut and grind small MOR 
bars from scrap pieces of the large bars and.from cylinder samples. 
Since MOR samples are often made in this fashion, a brief study was 
made of the possible effects of surface grinding and cutting on the 
correlations. 
The fracture stress data obtained from all samples tested is summa-
rized in Table I. The dimensions given in Table I are approximate 
measurements of the central, constant moment section of the bars. Listed 
in Table I with the failure levels for the cylinders are the times at 
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which failures occurred in the cylinders, after being subjected to the 
above mentioned heat flux. The deviations noted for the sample groups 
indicate an acceptable degree of scatter. 
Before the average values of failure level can be compared, a few 
observations about the nature of the loading and the two types of materials 
used should be made. During MOR testing, a section of the tested beam 
is placed in pure bending. This loading produces a uniaxial tensile 
stress on one surface of the beam and a compressive stress on the opposite 
side. It is the value of this tensile stress at the time of beam failure 
that is recorded as the MOR. During the thermal shocking of cylindrical 
samples, the outer surface is heated rapidly and the inner surface is 
thereby placed in biaxial tension. For most of the cylinder's length 
this biaxial stress field is equiaxial, that is, the stress in the cir-
cumferential direction is approximately equal to the stress in the 
meridional direction. When a cylinder fails due to thermal shock it is 
consequently in a different state of stress than a beam in pure bending. 
A second item to note is the difference in the sizes of the samples in 
Table I. The small bars have a test volume of 0.156 in 3 , the large bars, 
1.75 in3 and the cylinders '-435 in 3 . Also, the microstructure of the two 
materials differs greatly, as is evidenced in Figures 1 and 2. These 
figures show the cordierite to have a fine-grained microstructure while 
the alumina is coarser grained. Additionally, the cordierite contains 
many small, uniformly sized and oriented flaws while the alumina appears 
to have fewer flaws but of much larger size. A final difference among 
the various samples is the rate at which the loads were applied. In the 
case of the MOR bars, the loads were essentially static; in the case of 
the cylinders the loading rate was on the order of 3,000 psi/sec. 
To resolve the differences in states of stress between bars and 
cylinders it is noted that, for the same level of stress in bending 
(7 B
) as in thermal stress (7
TS 
 )' the strain energy per unit volume in 
bending (w B) is less than the strain energy per unit volume due to thermal 
stress (wTS ). It can be shown that: wB /w
TS 
 = 1/(2(1-v)) ,.w here v is 
Poisson's ratio. Conversely, if the strain energy required for un- 




max = 	(1-v). 
TS 
max 
When comparing beam and cylinder data, assuming strain energy is the 
criterion for failure, failure stresses should be adjusted according to 
(1) above. 
The effect of loading rate on strength is not well understood on a 
theoretical basis. Results of experimental work by Sedlacek (Ref. 2) 
where loading rate was examined as it affects overall strength in alumina, 
has shown that the ratio of strengths between slow loading (T s , —30 psi/ 
sec) and fast loading (7
f' 
—3,000 psi/sec) is o f /a s 	1.27. Consideration 
a (1) 
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of the failure stress level between bars (slow loading) and cylinders 
(fast loading) should incorporate this loading rate effect. 
Examination of the data in Table I shows standard deviation values 
for all samples in the range 10% - 15%. This degree of scatter is accept-
able and indicates that the mean value is representative of the population 
sampled. As further evidence to this statement, it was noted that all of 
the samples in any one group exhibited similar crack patterns in the 
failure area. Figure 3 shows close-up views of a cordierite and an alumina 
8" bar after failure. Each of the fracture patterns is typical of the 
large MOR bar failure for the respective materials. For the cordierite 
bar the notable characteristics are the number of small secondary cracks 
and the shape of the main cracks. The main crack initiates at a location 
near the tensile surface and propagates perpendicular to that .surface for 
a distance; then, near the compressive surface the crack runs parallel 
to the surface. This behavior is consistent with crack propagation 
theories for tensile and compressive loading. For the alumina bar in 
Figure 3, the same characteristics are noted but to a much lesser degree. 
The difference between the two characteristic crack patterns can be ex-
plained by consideration of the grain sizes for each material. For 
cordierite, the nominal grain size is about 84 and for alumina the mean 
grain size is between 304 - 404. The smaller the grain size the easier 
it is for a crack to propagate according to the stress field rather than 
be directed by grain boundaries. 
Comparisons between bar and cylinder data in Table I is facilitated 
if the MOR values are "corrected" for the state-of-stress and loading-rate 
differences discussed above. In Fig. 4 all of the MOR values plotted have 
been adjusted in this manner. In considering Fig. 4 a significant size 
effect between large and small alumina bars is noted; that is, in every 
instance the MOR values for the 3" bars are higher than either the MOR 
values for the 8" bars or the failure level of the cylinders. The 3" bars 
denoted "as cast" are the bars originally acquired from the manufacturer. 
The 3" bars denoted "cut and ground" are from two sources. The first few 
of these bars were cut with a diamond wheel from scrap pieces of an 8" bar 
that showed an MOR of 23,600 psi. This group of small bars showed MOR's 
that averaged —31,000 psi. The standard deviations indicate that the data 
is well grouped and that the smaller bars are significantly stronger than 
the large bar from which they. were cut. This trend is repeated by the 
second group of "cut and ground" 3" bars. In this case the bars were 
cut from the end of a cylinder the remainder of which was later tested 
for thermal shock and failed at 21,880 psi. These 3" bars showed MOR's 
averaging 30,200 psi. This is very strong evidence for a significant 
size effect in alumina. Comparing the alumina MOR bars to the alumina 
cylinders it is seen that the cylinders are not greatly'different in 
strength from the large bars. 
It should be noted that in Fig. 4 "size" is relative to the average 
grain dimension and the curves which have been sketched are intended to 
be similar in shape to analytical results reported by Glucklich (Ref. 3). 
Glucklich maintains that in all materials under load the total strain 
energy, the grain and flaw size, flaw orientation, surface tension, and 
the overall sample size can combine to allow for strain energy absorption 
after the initiation of a crack sufficient to arrest the crack process. 
Glucklich's theory implies that as sample size increases there is a point 
at which the energy absorbing mechanisms fail to be sufficient to stop the 
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main crack and overall strengths thereby decrease. After a transition zone 
of sizes, the size no longer has an effect and failures occur according 
to flaw severity (the "weakest link" theory). 
Glucklich's theory is supported by the size effect noted above and 
the failure characteristics of the large MOR samples. In the cordierite, 
the many secondary cracks indicate a considerable amount of strain energy 
was converted to surface energy (c.f. Figure 3). The large alumina samples 
show very little secondary cracking and, therefore, a smaller amount of 
converted strain energy. Conclusion: fine grained cordierite, in spite 
of its many small flaws, can hold more total strain energy prior to 
fracture than coarse-grained alumina. 
In summary, the current study can be said to focus on one issue, 
namely a definition of the transition size. A realistic comparison bet-
ween MOR and thermal stress failure in large bodies can only be made if 
the MOR samples are above the critical size. Such a correlation can be 
done with the alumina data presented here because the large bars appear 
to be past the transition size. The predicted thermal stress value is 
found by the proposed correlation method: 
aTS 	
= MORLB x o f /6 s x 1 //2 ( 1-v), 
max 
14 25,000 psi, with v 	0.3. 
The alumina cylinders actually show a failure level of 23,700 psi. While 
this correlation is fairly good, it is noted that using the small bar 
data would have predicted a failure level of 37,400 psi for the alumina 
cylinders, clearly a bad prediction. 
The data reported here involve MOR samples of only two different 
sizes and thereby do not conclusively verify the proposed correlation 
method. Because the present data do indicate a trend, future work will 
involve testing different size MOR samples of alumina and cordierite in 
order to add data points to Figure 4. MOR samples of materials with 
different microstructure will also be investigated to test the correlation 
methods' generality. Additional work in the area of MOR-thermal stress 
correlation should involve determining the loading-rate effect on strength 
and the strain energy absorbing characteristics of candidate radome 
materials. 
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FAILURE LEVEL 11, S1) 
5T0 DEVIATION DIMENSIONS I INCHES) 
3-INCH MOR EARS, SE) ITN ET 0.5 BY 0.25 0.156 46 6,10P 34640: 5100 
IAS CAST) ISIAT1C LOAD) 
8 8 MICH MOR BARS BY I ET 0.5 1.75 43.2 LID' 23 510, 2350 
IAS CAST) (STATIC LOA0) 
5 mi. OD CYLINDERS 5 00 EIT 1.72 THICK 134 45 8 105 23 /601 1980 




3 INCH MOM 80 	, SR, 
COT FROM 8 INCH BAR 
1.25 	0.5 p 0.25 elm 	46.106 31 000 	 3170 
(STATIC LOAD) 
K'/MOM = 23.600 
5 3 INCH MOR EAR, SEE 1.25 	 0.5 	 0.25 0156 48,108 30 200 e 8270 
OUT FROM 
c t LINDER III 
(STATIC LOAD) 
FAILURE 21 aeo 
8 3 INCH MDR SAME 1.25 ER 0.5ER 0.25 0.156 17.66510+ 20 340 	 1250 
■ AS CAST) {STATIC LOAD) 
8 INCH MOM BARS 35 801 600.5 156 18.311 	100 18 800 • 2200 COMERITE 
AS CAS, (STATIC LA001 GRAIN SIZE 
810 um 
5- INCH OD C ILINDE RS 500 ST I/2 TRICK 134 18.0 5 105 10 610•2320 
ST .9 LONG 'ACHIEVED in 
6 TO 14 SECONDS) 
Fig. 1 SEM PHOTO OF ALUMINA FRACTURE 
SURFACE SHOWING LARGE FLAW 
Fig. 2 SEM PHOTO OF CORDIERITE 
FRACTURE SURFACE 
F., 3 TYPICAL FAILURE OF F' MOR BARSALDNIINA (UPPER), 
CORDITE ITT ILONER I 
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COMPUTER CONTROLLED PRECISION GRINDING 






Advanced missile systems require radomes which have low boresight 
error slopes over relatively large frequency bandwidths. The required 
character can be attained only if the wall thickness is precisely 
controlled and varies non linearly in both the axial and circumferential 
directions (in a manner analagous to a complex lens prescription). 
Conventional methods of radome manufacture do not yield the 
dimensional control required. Thus, the Raytheon Company has developed 
methods which provide rapid grinding of radomes in production and 
prototype quantities which are not limited by normal templet production 
and verification lead times. Experience has shown that fabrication 
scheme can yield an accurate prototype radome within 1-2 days after 
availability of a billet. 
The techniques developed combine the inherent dimensional accuracy 
of diamond wheel vertical grinding with numerical control techniques 
governed by digital computers. Radomes with varying axial thickness 
and circumferential thickness increments of 1/2 degree are readily 
fabricated. Grinding times for prescriptions in either fiberglass 
or ceramic radomes as large as 16 inches outer diameter and 56.5 
inches high are less than 4.5 hours. Dimensional accuracy of 
± 0.0015-inch has been achieved for production quantities of radomes. 
The presentation will include photographs (or motion pictures) 
of the facility, fixtures and fabrication methods, example wall 
thicknesses and radomes, and attained dimensional accuracy. 
Note: Copies of the presentation of this work can be obtained at 
the meeting or by making your request to the author. 
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MULTIOCTAVE BRAODBAND RADOMES 
By 




The optimum wall construction for multiple octave radomes is the 
gradient dielectric wall. This construction can be attained in several 
practical ways among which are the use of discrete layers and mechanical 
gratings. The former technique is based on a stepwise approximation to 
the desired gradient while the latter method employs grooves ground into 
the wall. Alternate design techniques such as the multiple layered 
sandwich walls (including the trivial cases of single and two layered 
walls) are used for all present production radomes. 
Practical design limitations such as rain resistance, thermal and 
structural loadings and materials selection dictate that the attainment 
of the unity dielectric constant required at the external faces is not 
feasible. Studies of the trade-off of electrical characteristics as a 
function of design constraints show several significant constructions 
for bandwidth as large as 1 to 40 GRz. 
Analyses were conducted using digital computer techniques where-
in the best possible combination of dielectric properties and wall 
thicknesses were determined based on specified number of layers, 
minimum transmission efficiency, and maximum reflection levels. 
Studies conducted by the author during the past several years 
for high power systems will be summarized and significant wall 
constructions presented with their characteristics. 
Note: Copies of the presentation of this work can be obtained at 
the meeting or by making your request to the author. 
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AWACS RADOME MATERIALS AND CONSTRUCTION 
By 
James E. Barbee 
The Boeing Company 
ABSTRACT 
The AWACS radome design trades resulted in the requirement for a 
single-piece, C-sandwich structural shell that was one-half of an 
ellipsoid, 30 feet in diameter and 6 feet thick at the center of 
rotation. This radome presented a fabrication challenge because of 
the size and stringent electromagnetic requirements. 
The AWACS radome materials and processes development work required 
evaluation and optimization of construction materials to permit 
accurate structural and electrical analysis of the design, consistent 
with fabrication of a flight worthy radome. 
Materials were evaluated primarily for their electrical, struc-
tural, elevated temperature and environmental properties, in addition 
the physical thickness of component materials and overall C-sandwich 
cross-section were precisely measured and controlled. High strength-
high modulus "S" glass/epoxy-novolac laminate was chosen as the 
sandwich skin material to meet these requirements. 
Process problems dealing with laminate porosity, HRP honeycomb 
core contour and thickness control, sandwich adhesive bond properties, 
scale-up effects, and shape distortion were identified and resolved. 
A four-stage construction process with process controls, environ-
mental controls, tooling requirements, and NDI techniques are 
described. 
Note: Copies of the presentation of this work can be obtained at 
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